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ABSTRACT 
Deforestation modifies otherwise intact expanses of forest into small, isolated 
fragments. In addition to fragmentation, deforestation also creates abrupt forest edges 
and large areas of regenerating vegetation where land is abandoned after clearing. 
Understanding how changes in the landscape affect the physical condition of birds is 
crucial for managing populations in human-modified landscapes. Here I use the 
biomarkers feather growth rate and feather quality (ptilochronology), fluctuating 
asymmetry (FA), and stress hormones from feathers (CORT), to estimate the physical 
condition of Amazonian understory birds living in forest fragments, second-growth 
forests, and continuous forests. Feather CORT revealed how fragmentation disrupts 
interspecific interactions; birds from continuous forest showed elevated hormone levels 
compared to birds from fragments, suggesting that reproduction and territorial behavior 
could be altered as a consequence of fragmentation. Fragmentation and edge effects 
also negatively affect the nutritional condition of birds, as shown by feather growth rate 
and quality over a 21-year period. Birds in fragments surrounded by young vegetation in 
the borders and the matrix had reduced nutritional condition compared to birds living in 
fragments surrounded by mature vegetation. Additionally, no indication of significant 
consequences of fragmentation on developmental stability were found when measuring 
FA in birds from forest fragments. Finally, birds living in 25 year-old second-growth 
forest had similar levels of nutritional condition compared to birds from continuous 
forest. Through the use of these biomarkers I was able to evidence some of the 
detrimental effects of fragmentation on the condition of birds, as well as to highlight the 
importance of second-growth forest vegetation in alleviating some of those detrimental 
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effects, and in providing high-quality habitat for Amazonian understory birds. My 
findings support the high conservation value of second-growth forests in central 
Amazon, especially when allowed to regenerate for at least a few decades, as well as 
the importance of integrating fragments into the context of the overall landscape for the 
conservation and future of tropical forest biodiversity.  
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CHAPTER 1: GENERAL INTRODUCTION 
Amazonia, with an area of 5,500,000 km2, is the largest rainforest in the world. Despite 
only covering 1.5% of the Earth’s surface, the Amazon rainforest contains some of the 
highest known levels of biological diversity, being home to ~ 10% of the world’s species. 
Besides its importance for biodiversity, the Amazon rainforest also provides critical 
ecosystem services with both local and global impact (Foley et al. 2007). At the local 
and regional scales, the Amazon is key in providing flood control, water purification, and 
climate regulation (Foley et al. 2007). While at the global scale, the Amazon Basin 
absorbs over a billion tons of extra carbon dioxide each year, acting as an important 
carbon sink with significant consequences for climate change (Laurance 1999). 
 Despite its importance, the Amazon rainforest has been increasingly threatened 
by deforestation. Although relatively untouched until the 1970s, it has been estimated 
that 63.8 x 106 ha of forest in the Amazon Basin were lost to different land-uses 
between 1990 and 2007, with 76.1% of the deforestation occurring in Brazil alone 
(Peres et al. 2010). Agriculture, cattle ranching, and logging account for most of the 
deforestation within the Amazon (Fearnside 2005; Laurance & Vasconcelos 2009). 
Besides the important consequences of habitat loss for biodiversity, deforestation also 
leads to isolation of small habitat patches and the creation of large areas of habitat 
edges that penetrate into fragments, altering abiotic conditions, species distributions, 
and many ecological and ecosystem processes (Saunders, Hobbs & Margules 1991; 
Murcia 1995; Laurance et al. 2011). It has been estimated that by the early 1990s, the 
area of the Amazon that was fragmented or affected by edge effects was 150% greater 
than the area that had been deforested (Skole & Tucker 1993). Furthermore, 
2 
 
deforestation in the Brazilian Amazon creates around 20,000 km of new forest edge 
each year (Laurance 2004).  
  Although deforestation rates in the Amazon remain high, several causes 
including socio-economic changes and rural-urban migration in the region, contribute to 
land-abandon patterns, resulting in widespread regeneration of second-growth forests 
(Perz & Skole 2003; Wright 2005). An ongoing debate about the importance of second-
growth forests for the future conservation of tropical forest biota has generated a need 
to assess the ecological value and capacity of long-term maintenance of ecological 
processes in this type of forest (Brook et al. 2006; Wright & Muller-Landau 2006a; 
Wright & Muller-Landau 2006b; Gardner et al. 2007; Laurance 2007). Aside from the 
importance of second-growth forests for global carbon cycles (Achard et al. 2002), there 
is also great potential for biodiversity conservation within these regenerating forests. 
Second-growth forests next to forest edges act as buffers, lessening some of the 
detrimental effects of fragmentation (Lovejoy et al. 1986; Saunders, Hobbs & Margules 
1991; Gascon, Williamson & Gustavo 2000). Vegetation recovery in the matrix can also 
facilitate dispersal, allowing recolonization of previously isolated fragments (Stouffer & 
Bierregaard 1995b; Stouffer et al. 2006; Ferraz et al. 2007; Powell, Stouffer & Johnson 
2013). Additionally, second-growth forests can provide habitat and resources for at least 
a subset of forest species, especially when allowed to regenerate for at least a few 
decades (Chazdon 2014; Wolfe 2014).  
 Considering the ongoing loss and degradation of primary forests, as well as the 
proliferation of second-growth forests in Amazonia, understanding differences in habitat 
quality for birds arises as a priority in the field of conservation biology. Through variation 
3 
 
in resources and environmental conditions, habitats can influence the fitness of 
individual birds, with significant long-term consequences (Bernstein, Krebs & Kacelnik 
1991). Because many tropical species do not follow ideal free distributions (Stutchbury 
& Morton 2001), robust estimates such as reproduction and survival are usually 
preferred to assess the quality of a given habitat (Johnson 2007). However, estimating 
such parameters entail effort, resources, and time, requirements often lacking in studies 
of conservation biology. A more common and practical option is to measure birds to 
reveal habitat quality (Johnson 2007). Individual-based markers are a powerful 
alternative to assess habitat quality since they reflect the conditions under which 
individuals sampled are living. Human activities affect wild populations in complex ways, 
and understanding how species respond to changes in the environment is vital for 
developing effective conservation programs. 
DISSERTATION OVERVIEW  
Except for Chapter 6, each chapter of my dissertation from different perspectives the 
physical condition of Amazonian understory birds. My overarching goal is to understand 
the consequences of fragmentation and landscape change on the physical condition of 
birds, as well as to assess the ecological value of second-growth forests and their 
importance in the future conservation of tropical forest biota. I also aim to identify the 
most suitable biomarkers that can provide reliable measures of individual quality to be 
used in long-term monitoring studies. 
 In Chapter 2, I examine the effects of fragmentation on the HPA axis activity of 
the Scale-backed Antbird (Willisornis poecilinotus). The HPA axis is an important 
physiological response that allows birds to cope with environmental perturbations. Thus, 
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measures of the activity of this axis are used as approximations to the overall condition 
of a bird. I extracted and quantified corticosterone from feathers of Scale-backed 
Antbirds and related these measures to other indices of physical condition such as body 
mass, and feather growth rate and quality, to understand the impacts of habitat 
fragmentation on this species.   
In Chapter 3, I examine the effects of fragmentation and landscape change on 
the nutritional condition of birds during a 21-year period. The importance of the 
landscape on processes occurring inside the fragments has been evidenced by 
previous research (Stouffer & Bierregaard 1995b; Stouffer et al. 2006; Powell, Stouffer 
& Johnson 2013). I combined feather growth rate and feather quality data from 12 
species of birds of different ecological guilds captured in forest fragments and 
continuous forest sites, in an information-theoretic framework to identify which 
landscape characteristics are driving variation in nutritional condition in these species. 
Habitats have the potential to affect the fitness of animals through variation in resources 
and environmental conditions, and understanding how different species respond to 
changes in the environment is vital for developing effective conservation programs.  
In Chapter 4, I examine the effects of fragmentation on the developmental 
stability of birds, by measuring fluctuating asymmetry (FA) of tarsus length in birds from 
forest fragments. Developmental stability refers to the ability of individuals to correct for 
perturbations during development, thus it is thought to reflect an individual’s quality. I 
estimated FA and body condition in 19 species captured in forest fragments with the 
aim of understanding the consequences of fragmentation, as a source of environmental 
stress, on the developmental stability of birds.  
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In Chapter 5, I examine the nutritional condition of birds in 25-year-old second-
forests to determine the ecological value of regenerating forests in central Amazon. 
Second-growth forests now comprise as much as 60% of the world’s remaining tropical 
forests, and in many countries the area of second-growth forests is now greater than the 
area of primary forest. Once again, I used feather growth rate as an indicator of 
nutritional condition; I measured feathers from 8 species of birds captured in second-
growth, and compared them to birds captured in primary forest sites. Because of the 
current pervasiveness of second-growth forests, understanding their potential as high-
quality habitat is of great importance for future conservation of tropical forest biota.    
Finally, in Chapter 6 I describe and analyze the influence of ambient light on the 
evolution of plumage color signals in 33 Amazonian species of the infraorder 
Furnariides living in environments with different levels of ambient light. I measured 
plumage color in museum specimens, and combined avian-appropriate models of vision 
with phylogenetic comparative models to test the “Light Environment Hypothesis” under 
both intra- and interspecific contexts. Inferences of the selective pressures that drive 
plumage coloration allows for a better understanding of the evolution and maintenance 
of color diversity in birds.       
STUDY AREA 
This study was conducted at the Biological Dynamics of Forest Fragments 
Project (BDFFP) study area, in central Amazonia, approximately 80 km north of the city 
of Manaus, Brazil (Fig. 1.1). The area corresponds to lowland tropical moist forest (50 – 
100 m elevation), with temperatures ranging from 19 to 39˚C, and total annual rainfall 
from about 1900 to 2500 mm (Gascon & Bierregaard 2001). Precipitation is common in 
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every month, however there is a distinct dry season between June and October 
(Gascon & Bierregaard 2001). Day length remains generally constant throughout the 
year, with the difference in day length between the longest and shortest days of the year 
being approximately only 18 minutes (De Oliveira & Mori 1999). Canopy height is about 
35 to 40 m, with emergent trees sometimes exceeding 50 m (Gascon & Bierregaard 
2001). 
The BDFFP is the world’s largest-scale and longest running study of habitat 
fragmentation. The project started in 1979 as an attempt to assess the effects of habitat 
fragmentation on a variety of organisms, and to identify the “minimum critical size” of a 
tropical forest habitat that would maintain most of the biotic diversity represented in an 
intact ecosystem (Lovejoy & Oren 1981; Gascon & Bierregaard 2001). By taking 
advantage of the Brazilian law requiring landowners to leave half of their land in forest, 
Thomas E. Lovejoy and collaborators, created a landscape of eleven experimentally 
isolated forest patches of different sizes (1, 10, 100 Ha). 
In the early 1980s isolation began and clear-cut areas around the fragments 
were burned (in some cases) in order to allow the establishment of grass species for 
cattle ranching (Gascon & Bierregaard 2001). After a few years of use, most cattle 
ranchers abandoned their clear-cut areas and pioneer species colonized. The 
landscape was then transformed into a combination of continuous forest and forest 
fragments embedded within a mosaic of pastures and second-growth forests (Mesquita 
et al. 2001). Where clear-cuts were not burned after clearing, a Cecropia-dominated 
community was established, whereas areas that were burned one or several times after 
clearing were colonized by Vismia spp. (Bentos et al. 2008). Although Cecropia and 
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Vismia species share sensitivity to fire they differ in their ability to resprout (Williamson 
& Mesquita 2001), which combined with the land use around the fragments drove the 
different successional pathways observed at the BDFFP, providing a diverse and 
interesting landscape.  
 
 
Figure 1.1. Map of the Biological Dynamics of Forest Fragments Project study area (red 
rectangle) north of Manaus, Amazonas, Brazil (from http://pdbff.inpa.gov.br).    
 
 
Additionally, a 100-meter band of vegetation immediately surrounding the forest 
fragments has been periodically cut in order to maintain fragment isolation (or by 
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farmers to reestablish their pastures). However, these reisolation events have not been 
uniform across all fragments, therefore each individual fragment has a unique isolation 
and burning history. This has created an interesting landscape to study the effects of 
forest fragmentation and land-use history on the avian community at the BDFFP.     
Avian monitoring at the BDFFP has been going on almost uninterruptedly since 
1979, before isolation took place. Most previous work documented the changes that 
occurred in the fragments during and after fragmentation (Bierregaard & Lovejoy 1989; 
Stouffer & Bierregaard 1995b; Stouffer & Bierregaard 1995a). However, since the mid-
1990s monitoring in second growth also took place with the aim of understanding the 
contribution and importance of secondary forests to avian diversity in the Amazon 
(Borges 1995; Stouffer & Bierregaard 1995b; Borges & Stouffer 1999; Stouffer & Borges 
2001). The BDFFP landscape provides a great opportunity to assess the conservation 
value of regenerating forests in the Amazon to avian diversity, especially because of its 
known history of fragmentation, land use, and age of the second growth forest. 
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CHAPTER 2: IMPACTS OF HABITAT FRAGMENTATION ON FEATHER 
CORTICOSTERONE LEVELS OF AN AMAZONIAN UNDERSTORY FOREST BIRD 
(WILLISORNIS POECILINOTUS) 
 
INTRODUCTION 
Habitat loss and fragmentation can have profound effects on wild populations. Some of 
these effects like presence/absence or abundance are apparent and easy to quantify. 
On the other hand, effects such as changes in physical or physiological condition can 
be less obvious and easily overlooked. Corticosterone (CORT, the dominant 
glucocorticoid in birds) concentrations from plasma have traditionally been used to 
quantify the response of birds to stress protocols under a variety of settings, typically 
only measuring acute responses (Romero & Wingfield 2016). More recent techniques to 
analyze CORT extracted from feathers has increased the time frame in which the stress 
response can be measured, extending the use of CORT as a tool to monitor wild 
populations in response to anthropogenic perturbations, which are mostly permanent 
and can result in chronic stress (Bortolotti et al. 2008; Wingfield 2013).   
The Hypothalamic-Pituitary-Adrenal (HPA) axis is an important physiological 
response highly conserved in vertebrates. The hypothalamus receives information from 
the environment and initiates a suite of physiological cascades that allow animals to 
cope with different situations (Sapolsky, Romero & Munck 2000). When a stressful 
situation is presented, the HPA axis is activated, resulting in the secretion of CORT that 
redirects birds to a lifesaving state or ‘emergency life history stage’ (Wingfield et al. 
1998). Although short-term elevations of CORT are adaptive, chronically elevated levels 
have negative consequences to growth, behavior, body condition, reproduction, and 
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survival (Sapolsky, Romero & Munck 2000; Blas et al. 2007; Cabezas et al. 2007; 
Strochlic & Romero 2008; Koren et al. 2012; Tilgar et al. 2016). The level at which 
CORT is elevated depends on the severity of the stressor; under conditions where the 
stressor is acute and of short duration, CORT levels rise quickly and the hormone itself 
acts as a feedback mechanism, rapidly returning the system to pre-stress conditions. 
Under chronic stress or repeated stressful events, CORT secretion occurs over longer 
periods, and as a consequence, the feedback mechanism weakens and the system 
remains activated for longer periods (Sheriff et al. 2011). Therefore, the magnitude and 
length of the stress response can be used as an approximation to the overall condition 
of an animal.  
The use of feather CORT began in 2008 with work by Bortolotti and colleagues, 
and has rapidly gained popularity among scientists. As a technique for measuring the 
stress response in birds no other method offers the same advantages as feather CORT; 
it provides a retrospective, integrated, long-term measure of the HPA axis activity during 
the period of feather growth (Bortolotti et al. 2008). Feather collection is also minimally 
invasive compared to methods like plasma CORT, and feathers can be easily stored for 
long periods of time under standard room conditions. Despite these advantages, there 
remain some important details about the technique that need to be resolved before it 
can be fully used (Romero & Fairhurst 2016). For instance, the rate at which feathers 
grow and the amount of material that goes into each feather can alter the amount of 
CORT that gets deposited (Jenni-Eiermann et al. 2015). Since the nutritional condition 
of a bird affects feather growth and quality, the same factors that influence these feather 
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traits could influence CORT deposition dynamics; this drawback of the technique has 
been documented in previous research (Patterson et al. 2015). 
Ptilochronology, the measure of growth bars from feathers, has been shown to 
reveal the nutritional condition of birds in a variety of situations (Grubb 2006), and thus 
serves as a useful and accurate biomarker for monitoring bird populations in the wild.  
When birds lose their feathers, replacements are promptly grown and natural selection 
is thought to favor the expenditure of energy and nutrients to maintain a complete set of 
feathers. However, feather growth can be reduced to compensate for nutritional 
demands of other activities, or when resources are limiting (Murphy, King & Lu 1988; 
Grubb 1989; Grubb 2006), resulting in narrower growth bars. Therefore, the width of 
growth bars on feathers gives a day-by-day record of the nutritional regime under which 
a bird has lived (Grubb 1989; Grubb 2006), providing information about the bird’s 
nutritional condition and the quality of its habitat. The amount of material devoted to 
produce each feather is also a measure of nutritional condition, with longer, heavier 
feathers being of better quality (Murphy, King & Lu 1988). 
Different species have been subjected to studies using ptilochronology and 
feather traits to demonstrate that a deficient diet indeed causes narrower growth bars 
and lower quality feathers (Grubb 1989; Grubb & Cimprich 1990; Grubb 1991; Jenkins 
et al. 2001). Also, different aspects of habitats such as territory size (Yosef & Grubb 
1992), territory quality (Grubb & Yosef 1994; Carlson 1998; Strong & Sherry 2000; 
Schaefer et al. 2004; Vangestel & Lens 2011), precipitation (Carbonell & Telleria 1999), 
successional forest stage (Brown, Strong & Stouffer 2002), and anthropogenic 
modifications like fragmentation (Stratford & Stouffer 2001; Le Tortorec et al. 2012), and 
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pollution (Talloen et al. 2008) have been addressed using ptilochronology and feather 
quality as indicators of bird condition, giving satisfactory results, and leading to their 
establishment as useful predictors of habitat quality.  
My goal was to examine the relationship between feather CORT levels and the 
physical condition of adult males of the Common Scale-backed Antbird (Willisornis 
poecilinotus) as a response to habitat fragmentation. Because of the connections 
between CORT and nutritional condition, and given that I could not control for the 
conditions and timing of molt or the reproductive status of the birds I collected feathers 
from, I decided to use feather traits to help reconstruct some of the information missing 
from the birds at the time when the feathers were growing. I specifically tested the 
hypothesis that CORT levels depend on the physical condition of the birds, which is 
influenced by habitat quality. If CORT levels reflect exposure to stressors then I expect 
to find higher CORT in birds from smaller fragments (i.e. lower quality habitats), which 
should also have lower nutritional condition, as measured by feather growth rate and 
feather quality.   
It is important to understand how habitat fragmentation in the Amazon rainforest 
impacts wild populations of birds in order to develop appropriate conservation 
strategies. Biomarkers can offer quick responses about the physiological status of 
organisms before changes can be observed by traditional parameters like reproduction, 
growth, or feeding (Ferreira et al. 2010). They can also illustrate in a better way the 
relationship between different sources of stress that can affect wild populations at a 
certain time (Ferreira et al. 2010). As human-induced perturbations become a more 
permanent feature in nature, there is an increasing need for biologists to develop 
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methods to better understand how birds cope with changes in their habitats, and 
hopefully provide useful evidence to advance conservation actions across the globe. 
The use of feather CORT as a tool in conservation studies is promising, especially when 
combined with additional methods that provide information about the condition of birds 
during the period of feather growth.    
MATERIALS AND METHODS 
Study species  
Willisornis poecilinotus is a fairly common near-ground understory insectivore from 
Neotropical moist lowland forests. It is found year-round in the Amazon of Bolivia, 
Brazil, Colombia, Ecuador, French Guiana, Guyana, Peru, Suriname, and Venezuela. It 
feeds primarily on arthropods in the lowest stratum of the forest, but rarely on the 
ground (Willis 1982). Individuals follow ant swarms when passing through their 
territories, but regularly forage away from ants when they are not available. Wandering 
immatures without territories probably follow ants more often (Willis 1982). This species 
is socially monogamous and territories are defended by the pair. Males show strong 
parental behavior, helping incubate the eggs and caring for nestlings (Willis 1982). I 
chose W. poecilinotus as the species for this study mainly because it is a relatively 
common species at my study site, has a moderate sensitivity to forest fragmentation 
(Stouffer et al. 2006), and because individuals can be reliably aged and sexed based on 
plumage characteristics (Johnson & Wolfe in press). I only used feathers from adult 
males in this study to control for possible variation in CORT concentrations due to bird 
age or sex differences in life-history.  
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Feather collection 
Individuals of W. poecilinota were captured using mist nets as part of a large avian 
monitoring program at the BDFFP. At the 1 ha fragments, one line of 8 end-to-end mist 
nets (NEBBA type ATX, 36-mm mesh, 12×2 m) was arranged in the middle of the 
fragment, with the bottom of the nets at ground level. In the 10 ha fragments, one line of 
16 nets was used. Three lines of 16 nets were used at the 100 ha fragments, and four 
lines of 16 nets were used at the continuous forest sites. Additionally, four sets of 4 end-
to-end mist nets were used along the borders at each fragment. A given net lane was 
sampled for a day, starting at 0600 until 1400 hours.  
Birds were banded using aluminum numbered metal bands and released after 
being processed. The outermost right rectrix (R6) was pulled from each bird and placed 
in an individual paper envelope. Feathers that were still growing were pulled if a 
minimum of ten consecutive growth bars were visible to allow for the ptilochronology 
portion of the study. Feather samples used in this study were collected in two time 
intervals: 2000-2001 and 2007-2008. Adult males were not captured at every site, 
therefore the final sample comes from eight of the eleven fragments: three 1 ha, three 
10 ha, two 100 ha, and two continuous forest sites.  
Feather measurements and CORT extraction and purification 
Prior to the CORT extraction, I measured each R6 feather to collect information on each 
bird’s nutritional condition and feather quality. Following Grubb (1989), I calculated the 
daily growth rate (in mm/day) by marking the length of feather occupied by at most ten 
growth bars on an index card. After removing the feather from the card, I measured the 
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total length using a digital caliper and obtained a mean daily growth rate for each 
individual by dividing the total length by ten (or the number of bars measured). In order 
to increase the accuracy of this measurement, I repeated the process three times per 
feather; the final estimated daily growth rate is an average of the three measurements. 
Feather length (in mm) and mass (in mg) were also recorded. Length and mass 
measurements were taken before and after removing the calamus for the methanol 
extraction.  
For the CORT extraction, I followed Bortolotti et al. (2008). I removed the 
calamus from each feather and minced the vane and rachis into small pieces (<3 mm2) 
using scissors. I placed the feather pieces in a 20-ml borosilicate glass scintillation vial 
with 5 ml of methanol, and placed them in a sonicating water bath for 30 minutes at 
room temperature. Following sonication, vials were placed in a shaking water bath at 
50oC for 15 hours. After this time, the methanol was separated from the feather pieces 
using a vacuum filtration system with a nylon filter paper in the filtration funnel. Each vial 
was washed twice with 2.5 ml of methanol, which were filtered and collected with the 
original extract. Samples were evaporated under a gentle stream of ultra-pure nitrogen 
at ~50oC.  
After the methanol extraction, I purified the samples following the methods 
described by Kouwenberg et al. (2015). Evaporated samples were reconstituted in 3 ml 
of hexane and mixed 12 times with a vortex mixer. Acetonitrile (3 ml) was added and 
agitated 12 more times. The tubes containing the samples were capped and centrifuged 
at 1250 x g for 15 min. After the centrifugation, the hexane layer (top) was collected and 
transferred to a new tube, and the purification process was repeated (see reference for 
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details). After the second purification, the hexane layers from both tubes were 
discarded, and the acetonitrile layers were combined in the newer of the two tubes. 
These final tubes were placed in a fume hood and evaporated under a stream of ultra-
pure nitrogen at ~50oC. Last, evaporated samples were reconstituted in 200 μl of EIA 
buffer (Cayman Chemical Company, Ann Arbor, MI), and this solution was assigned as 
the 1:1 dilution. These reconstituted samples were stored at -20oC until ready to be 
assayed. All reagents used for extraction and purification were HPLC grade as defined 
by the manufacturer (Thermo Fisher Scientific, Waltham, MA). 
CORT in samples was measured using commercially available CORT EIA kits 
(Cayman Chemical Company). Each sample was assayed in triplicate on the same EIA 
plate, for a total of eight different plates. As measures of quality control and assay 
validation, I also included three controls on each plate, two of which contained a known 
amount of hormone. These controls were used to calculate the intra- and inter-assay 
coefficients of variation, which were 6.85% and 20.25%, respectively. I also diluted a 
subset of samples (25 out of 87) from 1:1 to 1:4 in the first three plates, to examine and 
report dilution characteristics for the assays (mean ± SD = 4.46 ± 1.70). Finally, CORT 
values were normalized as a function of feather length as proposed by Bortolotti et al. 
(2008).  
Statistical analysis 
No data were recovered from wells with CORT values from the EIA assays outside of 
the assay detection range. In other instances, replicates of some samples were not 
accurate, so I employed a data auditing process to ensure I obtained values within 
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certain statistical rigor. For each sample with a coefficient of variation (CV) greater than 
15%, I excluded the replicate with the highest difference from the sample mean. If the 
sample only had two replicates, I left out all the samples that had a CV greater than 
50%. After the data auditing process, I was left with a final sample size of 87 individual 
feathers.  A first look at the CORT data showed three individuals with irregularly high 
values. Since all three values exceeded the third quartile by more than 150% of the 
interquartile range, and were also >2 SD away from the mean, and >1 SD away from 
the closet non-outlier value, I decided to remove them. My final sample then consisted 
of 84 individual feathers from 56 different birds (Appendix A). 
For each bird, I calculated a scaled body mass index (SMI) as a measure of body 
condition using body mass and wing length (see Peig & Green 2009 for details). This 
index is based on the central principle of scaling and serves as a good indicator of the 
relative size of energy reserves of a given individual (Peig & Green 2009). I also used 
the ratio of feather mass and length (feather quality) as a proxy for nutritional condition; 
research has shown that birds under nutritional stress develop feathers of lower density 
as a result of a reduction of structural elements in the feathers (Carbonell & Telleria 
1999; de la Hera, Pérez-Tris & Tellería 2009). Also, since several authors have reported 
an effect of the mass or length of feathers in the CORT values recovered, I also 
checked to see if this pattern emerged in my sample. 
To examine the relationship between CORT levels and territoriality, I classified 
birds as either territorial or non-territorial (floaters) by looking at each individual bird’s 
capture history in the long-term dataset at the BDFFP. Birds with more than one capture 
at the same banding site in any given year (from 1979 to 2016) were considered as 
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holding a territory, whereas birds with only one capture in the dataset were assumed to 
be floaters (birds without territories). I then used a two-sample student t-test to look for 
differences in CORT levels between these two groups.  
To examine the relationship between CORT levels and physical condition, I used 
linear mixed effects models with feather CORT as the response variable. The full model 
contained daily growth rate (as a measure of nutritional condition), feather mass/length 
ratio (as a measure of nutritional condition), wing length (as a measure of body size), 
scaled body mass index (as a measure of body condition), and fragment size 
(categorical variable) as fixed effects. I also included the time interval in which the 
feather was collected (2000-2001 or 2007-2008) and an identification for each bird 
(band number) as random effects. I selected the best model using the AIC criterion 
corrected for small sample size (AICc). 
A first look at the models showed the data did not meet the normality 
assumption, so I applied a log transformation to the dependent variable and repeated 
the analysis. This transformation did not alter the results of the model selection 
approach. The random effects in the best-fit model did not explain any significant 
portion of the variance (close to zero), so I reran the model without these variables and 
calculated parameter estimates for this simpler model. My significance value (α) for all 
tests was set to 0.05. All analyses were performed in R. 
RESULTS 
The amount of CORT recovered showed no relationship with the mass or length of the 
feathers used for the assays (Fig. 2.1), a clear indication that the small size of my 
23 
 
feathers did not confound my hormone measurements. Feather CORT was significantly 
higher in birds captured in continuous forest sites and in 10 ha fragments (Fig. 2.2a). 
Feather daily growth rate and feather quality were lower in birds from the smallest 
fragment size, but this difference did not reach statistical significance (Figs. 2.2b, 2.2c). 
SMI showed no clear difference among the different sites sampled, although it was 
higher in continuous forest sites and 1 ha fragments (Fig. 2.2d). Territorial birds had 
higher CORT levels (3.81±0.32 pg/mm) than non-territorial birds (3.26±0.62 pg/mm), but 
the difference did not reach statistical significance (p=0.43).   
 
Figure 2.1. Relationship between: a) feather mass, and b) feather length and 
concentration of CORT recovered.   
 
According to the model selection results, feather CORT was best described by 
fragment size, and nutritional condition (feather growth rate and feather quality) (Table 
2.1). Models including body condition (SMI) or wing length were less supported, 
indicating these two variables were not related to CORT levels.  
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Figure 2.2. Measures of physical and physiological condition of Willisornis poecilinotus 
from different fragment sizes and continuous forest (CF) in the Brazilian Amazon. 
Closed circles represent mean values for each site (± standard error).  
 
In the best supported model, only fragment size appeared as a significant effect, with 
birds from continuous forest sites having higher CORT, followed by birds from the 10, 
100, and 1 ha fragments, respectively (Table 2.2). Although not significant, feather 
CORT and feather daily growth rate had a negative relationship (Fig. 2.3a); In other 
words, birds with better nutritional condition had lower CORT. The opposite was true for 
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the relationship between feather CORT and feather quality, in which birds with better, 
denser feathers had more CORT (Fig. 2.3b). 
 
Table 2.1. Model selection results for feather CORT levels as a function of a bird’s 
physical condition and forest fragmentation. For full model information see methods 
section. Showing only models with at least 1% of weight support.  
Full Model: LnCort = Wing + SMI + GB + Quality + Frag + (1|year) + (1|bird ID) 
Model k logLik AICc ΔAICc wi 
GB + Frag + Quality 9 -84.11 188.64 0.00 0.35 
Frag + Quality 8 -85.88 189.68 1.04 0.21 
GB + Quality 6 -88.78 190.66 2.01 0.13 
Quality 5 -89.96 190.68 2.04 0.13 
GB + Frag + Quality + SMI 10 -85.20 193.41 4.76 0.03 
GB + Frag 8 -88.05 194.02 5.38 0.02 
Frag + Quality + SMI 9 -87.01 194.46 5.81 0.02 
Frag 7 -89.62 194.72 6.08 0.02 
GB + Frag + Quality + Wing 10 -85.90 194.82 6.18 0.02 
Frag + Quality + Wing 9 -87.42 195.28 6.64 0.01 
Quality + Wing 6 -91.26 195.61 6.96 0.01 
Intercept only 4 -93.59 195.70 7.05 0.01 
Quality + SMI 6 -91.32 195.72 7.08 0.01 
GB + Quality + SMI 7 -90.14 195.75 7.11 0.01 
GB 5 -92.55 195.88 7.23 0.01 
GB + Quality + Wing 7 -90.23 195.92 7.28 0.01 
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Table 2.2. Parameter estimates for best fit model predicting feather CORT levels as a 
function of a bird’s physical condition and forest fragmentation. 
Effect Estimate 
Standard 
Error 
CI lower 
(2.5%) 
CI upper 
(97.5%) 
Fragment size 1-Ha (Intercept) 1.80 1.54 -1.27 4.87 
Fragment size 10-Ha 0.60 0.22 0.16 1.03** 
Fragment size 100-Ha 0.11 0.23 -0.34 0.56 
Fragment size CF 0.83 0.00 0.39 1.28*** 
Daily growth rate -1.29 0.79 -2.86 0.28 
Feather quality ratio 11.11 12.82 -14.41 36.64 
Significance codes: ***= 0.001, **= 0.01 
 
Figure 2.3. Partial regression residual plots from the best-fit model for: a) feather daily 
growth rate, and b) feather quality ratio.  
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DISCUSSION 
I examined the relationship between feather CORT levels and nutritional condition as a 
response to habitat fragmentation, in adult males of W. poecilinotus. My best-fit model 
included fragment size, feather growth rate, and feather quality as predictors of CORT 
levels; however, the relationships were not in the direction I predicted. My hypothesis 
was that CORT levels were an indication of the nutritional condition of the birds, which 
was in turn influenced by habitat quality. Therefore, I expected to find higher CORT in 
birds from smaller sized fragments, which should also have lower nutritional condition. 
Instead, I found that birds from continuous forest (my reference site) had higher CORT 
concentrations, but these were not significantly correlated with my indices of nutritional 
condition.  
As in many ecological studies I cannot determine the actual cause of my results, 
however based on previous research I discuss four possibilities: 1) birds in continuous 
forest experience higher population densities or encounter more frequent territorial 
intrusions than birds in fragments, 2) birds in continuous forest have higher reproductive 
activity than birds in fragments, 3) birds in fragments experience stressful situations 
more frequently which can lead to chronic stress, causing a downregulation of the HPA 
axis activity, or 4) the rate of feather growth or the density of the feathers affect CORT 
deposition dynamics.  
Territoriality 
The HPA axis is one of the primary mechanisms by which animals receive, process, 
and respond to external information from their surrounding environments. In both social 
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and non-social animals, interaction with conspecifics as well as social status can affect 
the HPA axis activity, especially in males (Creel et al. 2013). Research has shown that 
increased population density and territorial defense interactions can elicit a stress 
response that results in elevated CORT levels (Creel et al. 2013). For example, 
Beletsky and collaborators (1989) found that in male red-winged blackbirds (Agelaius 
phoeniceus, a polygynous species), territory owners had higher levels of testosterone 
and CORT during the breeding season, both of which were correlated with eventual 
fledging success.  
Although most studies have been done with temperate-breeding species that 
only show territorial behavior during the breeding season, evidence suggests this same 
scenario adjusts to year-round territorial species. Landys et al. (2010) studied plasma 
testosterone and CORT levels in the European Nuthatch (Sitta europaea, a year-round 
territorial bird), to investigate territorial behavior outside of the breeding season. Using a 
series of simulated territorial intrusions (STIs), they were able to detect increases in 
CORT, but not in testosterone levels, suggesting a stronger role of CORT in behavioral 
and physiological responses during territorial encounters. Similar results were found in 
males of the buff-breasted wren (Thryothorus leucotis), a socially monogamous, year-
round territorial, Neotropical bird species in which males show parental care behavior 
(Gill, Costa & Hau 2008). Using STIs, Gill and collaborators found no differences in 
plasma testosterone between challenged and unchallenged males. On the contrary, 
plasma CORT in pre-breeding males was higher in individuals presented with STIs, and 
levels were positively correlated with the duration of the social challenge (Gill, Costa & 
Hau 2008) .  
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Although the difference in CORT levels between territorial and non-territorial 
males in my study did not reach a significant statistical difference, territorial birds did 
exhibit higher CORT levels. According to observations by Willis (1982), adult male W. 
poecilinotus are highly territorial, and most competitive interactions are intraspecific and 
fairly strict territorial. This species is also socially monogamous, with both sexes 
showing extensive parental care behavior (Willis 1982). Additionally, evidence suggest 
breeding occurs throughout the year, with individual birds attempting to breed multiple 
times in a year (Willis 1982; Stouffer et al. 2013). It is possible that forest fragmentation 
disrupts intraspecific interactions and affects territoriality behavior in W. poecilinotus, 
which could be an explanation for the elevated CORT levels in birds from continuous 
forest compared with birds from forest fragments in my study. 
Fragmentation and isolation effects on understory birds have been exhaustively 
studied at the BDFFP. Extinction rates, abundance, and species composition have been 
shown to vary with fragment size, illustrating the strong area effects on these birds, 
especially due to their more sedentary life style and large area requirements for 
establishing territories, compared to birds from temperate latitudes (Stouffer & 
Bierregaard 1995b; Stratford & Stouffer 1999; Stouffer, Strong & Naka 2009). Willisornis 
poecilinotus has been shown to be a species with moderate sensitivity to fragmentation. 
Long-term capture rates in Amazonian forest fragments have been severely affected by 
fragmentation, and fragment area appears as an important factor explaining abundance 
and movement recovery in this species in central Amazonia (Powell, Stouffer & Johnson 
2013, Stouffer et al. 2006). Johnson, Stouffer & Vargas (2011) estimated a territory size 
of 5.6 ha for this species, and 13.5 individuals in a 100 ha plot in continuous forest in 
30 
 
central Amazonia. This suggests that territorial establishment and intraspecific 
interactions in my smallest fragments (1 ha) would be significantly reduced, with 
perhaps less severe but still important consequences in the 10 and 100 ha fragments. 
Additionally, the collective results of feather growth rate and feather quality indicate that 
birds living in these small fragments have lower nutritional condition, which suggests the 
1 ha fragments are lower quality habitats for this species.    
Breeding 
Birds can regulate their circulating CORT levels depending on the season or life history 
stage, with evidence pointing towards elevated levels during the breeding season 
(Romero 2002). Explanations for this phenomenon include the metabolic and behavioral 
effects of CORT, since they play an important role in energy mobilization and 
expression of certain behaviors (Romero 2002). Breeding is one of the most 
energetically costly stages in the life history of birds, and therefore presents challenges 
that can increase CORT levels. Two hypothesis have been proposed to explain the 
relationship between CORT and fitness: the CORT-Fitness Hypothesis, in which high 
CORT levels are assumed to indicate individuals in poor condition with low fitness, and 
the CORT-Adaptation Hypothesis, which predicts a positive relationship between CORT 
and fitness when environmental challenges are influenced by reproductive effort (Bonier 
et al. 2009). 
Research has shown evidence in favor of both hypotheses. Angelier et al. (2010) 
compared baseline CORT levels and individual quality (as measured by the number of 
offspring produced in a 5-year period) in male black-browed albatrosses (Thalassarche 
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melanophrys). They found a significant negative relationship between the two 
measures, which supports the main idea of the CORT-Fitness Hypothesis. Similar 
results were obtained in free-living house sparrows (Passer domesticus). During the 
pre-breeding season, baseline CORT was negatively correlated with reproductive 
success in females, adding support for the CORT-Fitness Hypothesis. However, 
individuals of both sexes with low baseline CORT before and high baseline CORT 
during breeding reared the most offspring, providing support in favor of the CORT-
Adaptation Hypothesis as well (Ouyang et al. 2011).  
In wild-breeding female European starlings (Sturnus vulgaris), chick-rearing birds 
had the highest free baseline CORT levels and were also the most resistant to nest 
desertion, challenging the idea of elevated CORT being implicated in reproductive 
abandonment (Love et al. 2004). Similar results were observed by Bonier and 
collaborators (2011) when they experimentally altered brood sizes of female tree 
swallows (Tachycineta bicolor). Birds with the largest broods had greater increases in 
baseline CORT levels and fledged more offspring. Baseline CORT levels were also 
positively correlated with offspring-provisioning rates, suggesting that elevated CORT 
levels during breeding may occur because of increased energetic demands without 
being detrimental to fitness.  
Although reproductive output has not been directly evaluated in W. poecilinotus, 
alternative approaches for understanding population demographic dynamics in my study 
area have been utilized. Johnson (2011) compared age ratios and capture rates in 
fragments and continuous forest sites in several species (W. poecilinotus not included in 
this analysis). As a general trend, he found a higher proportion of adults in continuous 
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forest, as well a significant influence of fragment size in adult captures. In a comparison 
of age structure, survival, and population growth in birds living in continuous and second 
growth forests, Wolfe (2014) found evidence for an ideal despotic distribution in W. 
poecilinotus, with adults being captured more than expected by chance in continuous 
forest. Also, survival estimates and population growth were higher in continuous forest 
sites relative to second growth.  
Together these results illustrate how fragmentation and forest clearance can 
impact the demographic structure of understory Amazonian birds. Given that my study 
species is highly territorial, the ideal despotic distribution found by Wolfe (2014) 
confirms that more dominant individuals displace subordinate birds into marginal 
habitats (forest fragments and second growth). This result, coupled with the higher 
population growth found in continuous forest, can lead me to believe that birds in 
continuous forest sites have a higher reproductive output than birds from forest 
fragments. If this is true, then my results would add support for the CORT-Adaptation 
Hypothesis, debunking the generally accepted idea that high CORT levels reveal poor 
physiological condition, at least in W. poecilinotus.      
Downregulation  
It has been documented that animals exposed to frequent environmental challenges 
can suffer alterations to their baseline and stress-induced CORT levels (Romero 2004). 
Two main changes to the HPA axis activity in animals subjected to chronic stress are 
acclimation and facilitation (discussed in Romero 2004). When organisms acclimate to 
perturbations they are no longer able to respond in the same way to stressors. This 
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results in abnormally low levels of CORT, which can hamper interpretations of field 
studies of wild populations (Romero 2004). Once an animal has acclimated, the HPA 
axis is altered and this can lead to facilitation. In this case, responses to novel stressors 
are enhanced compared to animals who have not acclimated.  
This acclimation phenomenon has been witnessed in European starlings 
exposed to chronic stress, where both baseline and stress-induced CORT levels were 
lower in chronically stressed birds (Rich & Romero 2005; Cyr & Romero 2007). These 
results suggest that under chronic stress, birds downregulate the activity of the HPA 
axis perhaps as a strategy to reduce the deleterious effects of maintained elevated 
CORT levels. They also add evidence against the view that elevated CORT levels 
reflect poor physiological condition, obstructing the use of CORT in ecological studies.  
Downregulation could serve as an explanation for the reduced CORT levels I 
found in birds from the fragments, especially in the 1 and 100 ha fragments. As 
mentioned above, W. poecilinotus is a species with a moderate sensitivity to 
fragmentation and fragment area has been identified as an important factor explaining 
its ecology, movements, and abundance at the BDFFP study area. If this is the case, 
my results would be adding even more evidence against the CORT-Fitness Hypothesis, 
since lower CORT levels would not be indicative of birds in better physiological 
condition.    
CORT deposition dynamics 
The Passive-Deposition Hypothesis predicts that levels of plasma CORT correspond to 
those on feathers because circulating CORT in the bloodstream is passively deposited 
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into feathers as they grow (Bortolotti et al. 2008). However, feather growth rate and 
feather quality are highly dependent on the nutritional condition of birds, as evidenced 
by ptilochronology. Feather growth can be reduced to compensate for nutritional 
demands of other activities, or when resources are limiting (Murphy, King & Lu 1988; 
Grubb 1989; Grubb 2006). Feather length and quality can also be altered under 
nutritional stress, resulting in shorter and less dense feathers (Murphy, King & Lu 1988; 
Strochlic & Romero 2008; DesRochers et al. 2009).  
Very few studies have addressed the relationship between feather CORT and 
feather traits, to see how the rate of growth or the quality of the feathers can affect the 
amount of CORT deposited. Will et al. (2014) examined how food limitation affects 
CORT content in feathers of rhinoceros auklet (Cerorhinca moncerata) chicks. They 
found that feather CORT was higher in food-restricted birds, but feather traits (mass, 
length, growth rate) were not affected by the dietary treatments. In contrast, Patterson 
et al. (2015) found no differences in feather CORT of Caspian tern (Hydropogne caspia) 
chicks reared under a restricted diet, even though feather growth rate and mass were 
compromised by the nutritional stress under which the birds were raised. These two 
contrasting results highlight the different strategies birds can utilize when resources are 
limiting, as well as confound the relationship between nutritional stress and feather 
CORT. Some birds may allocate resources to growing better feathers faster at the 
expense of other high energy demanding activities within their life cycle, whereas in 
other species feather growth and quality might be compromised to distribute resources 
into more important activities as highlighted above.  
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Although not significant, the relationship between feather CORT levels and 
feather growth rate in my study, was negative. In other words, feather CORT was higher 
in birds with narrower growth bars. Feather growth rate has been widely used as an 
indicator of nutritional condition in many different species under many different 
circumstances; this gives me reason to think that feather CORT can be an indicator of 
the nutritional condition of individuals of W. poecilinotus. However, previous research at 
the BDFFP has shown that feather growth rate dynamics in this species are not as 
straightforward. Johnson, Stouffer & Bierregaard (2012) estimated the molt duration in 
W. poecilinotus and its relationship with molt-breeding overlap (MBO) in central 
Amazon. Willisornis poecilinotus fell within a group of species with the longest molt 
duration and the greatest proportion of MBO. Similarly, when comparing feather growth 
rate and feather quality across forest fragments of different sizes within a dynamic 
landscape, no differences among fragments or continuous forest sites were found, 
contrary to most species evaluated in which feather traits varied as a function of 
different landscape characteristics (see Chapter 3). Based on this evidence, it appears 
that W. poecilinotus is not a species in which feather traits are modulated in relation to 
nutritional condition. Rather it seems that, as in many other species in central 
Amazonia, protracted molts (hence reduced feather growth rate) might be a strategy to 
minimize energetic conflicts with a prolonged breeding season, or with multiple breeding 
attempts during a given year (Johnson, Stouffer & Bierregaard 2012; Stouffer, Johnson 
& Bierregaard 2013).   
Feather CORT levels and feather quality on the other hand were positively 
correlated, with denser feathers having higher CORT concentrations. Based on the 
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evidence mentioned above, I have no reason to believe this relationship should be 
interpreted as evidence for birds with better nutritional condition having more CORT. 
Instead, this probably confirms that CORT deposition is influenced by the amount of 
material incorporated into feathers as they grow. This would go in line with the results 
found in Caspian terns and would add support to the idea that CORT is passively 
deposited during feather growth, but that less dense feathers simply accumulate less 
CORT regardless of the circulating levels of the hormone in the bloodstream (Patterson 
et al. 2015). 
Final considerations 
Even though high levels of CORT have been traditionally interpreted as detrimental and 
characteristic of individuals in poor physiological condition, recent research has shown 
otherwise. Bonier et al. (2009) reviewed evidence for the relationship between CORT 
and fitness, finding that even though CORT levels can be used as a predictive tool for 
the relative fitness of individuals, the relationship is not always consistent. CORT levels 
have been positively correlated with honest signals in several bird species, suggesting 
that the CORT-Fitness Hypothesis (high CORT reflecting low-quality individuals), is not 
universally valid. In males of red-legged partridges (Alectoris rufa), individuals with high 
feather CORT also had a larger amount of black in their feathers, a characteristic known 
to be an honest social signal in this species (Bortolotti et al. 2008). Similarly, the red 
coloration in house finch (Haemorhous mexicanus) males, a condition-dependent trait, 
was positively correlated with feather CORT in a study by Lendvai et al. (2013).  
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This evidence, including my results in which individuals from my reference site 
had higher CORT than birds from forest fragments, illustrate that the role of CORT in 
organismal physiology is complex, making a general pattern hard to discern. My results 
do not show support for the idea that elevated levels of CORT are indicative of 
individuals in poor physiological condition. However, given that I could not control for 
many aspects of the life history of these birds including molt, breeding, or territorial 
condition, I can only speculate about the causes of my results. It is highly likely that 
more than one of the possibilities I discussed above was the cause of elevated CORT in 
birds from continuous forest.  
CORT plays an important and complex role in the physiology of birds, not only as 
a stress-response mechanism to cope with environmental perturbations, but as an 
important response in energy-allocating processes and behavior at any point time within 
their life cycles (Wingfield et al. 1998; Sapolsky, Romero & Munck 2000; Wingfield 
2013). The fact that the study of CORT in birds has been mostly linked to stress 
physiology does not necessarily mean high CORT levels will always be indicative of 
poor physiological condition. Research has shown that CORT levels are associated with 
territorial behavior even outside of the breeding season, as well as with reproductive 
success in many species of birds. Even though at this point I have no means to prove 
higher territoriality and breeding activity were the actual causes of my results, I believe 
these are very plausible explanations for my results. 
As environmental perturbations like climate change and habitat degradation 
become permanent features in nature, it is important to establish methodologies that 
allow scientists to monitor wild populations as they adapt to these changes. The use of 
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feather CORT as a tool for monitoring wild populations of birds is very exciting; no other 
method provides such a long-term measure of the HPA axis activity as feather CORT 
does. However, my results suggest feather CORT is not a useful biomarker to reflect 
the response of W. poecilinotus to forest fragmentation. Additionally, as it has been 
discussed here and in previous studies (reviewed in Romero & Fairhurst 2016), feather 
traits (like growth rate and density) seem to play an important role in the deposition 
dynamics of CORT during feather formation, hampering the utility of this technique. 
LITERATURE CITED 
Angelier, F., Wingfield, J.C., Weimerskirch, H. & Chastel, O. (2010) Hormonal correlates 
of individual quality in a long-lived bird: a test of the 'corticosterone-fitness 
hypothesis'. Biology Letters, 6, 846-849. 
Beletsky, L.D., Orians, G.H. & Wingfield, J.C. (1989) Relationships of steroid-hormones 
and polygyny to territorial status, breeding experience, and reproductive success 
in male red-winged blackbirds. Auk, 106, 107-117. 
Blas, J., Bortolotti, G.R., Tella, J.L., Baos, R. & Marchant, T.A. (2007) Stress response 
during development predicts fitness in a wild, long lived vertebrate. Proceedings 
of the National Academy of Sciences of the United States of America, 104, 8880-
8884. 
Bonier, F., Martin, P.R., Moore, I.T. & Wingfield, J.C. (2009) Do baseline glucocorticoids 
predict fitness? Trends in Ecology & Evolution, 24, 634-642. 
Bonier, F., Moore, I.T. & Robertson, R.J. (2011) The stress of parenthood? Increased 
glucocorticoids in birds with experimentally enlarged broods. Biology Letters, 7, 
944-946. 
Bortolotti, G.R., Marchant, T.A., Blas, J. & German, T. (2008) Corticosterone in feathers 
is a long-term, integrated measure of avian stress physiology. Functional 
Ecology, 22, 494-500. 
39 
 
Brown, D.R., Strong, C.M. & Stouffer, P.C. (2002) Demographic effects of habitat 
selection by Hermit thrushes wintering in a pine plantation landscape. Journal of 
Wildlife Management, 66, 407-416. 
Cabezas, S., Blas, J., Marchant, T.A. & Moreno, S. (2007) Physiological stress levels 
predict survival probabilities in wild rabbits. Hormones and Behavior, 51, 313-
320. 
Carbonell, R. & Telleria, J.L. (1999) Feather traits and ptilochronology as indicators of 
stress in Iberian Blackcaps Sylvia atricapilla. Bird Study, 46, 243-248. 
Carlson, A. (1998) Territory quality and feather growth in the White-backed Woodpecker 
Dendrocopos leucotos. Journal of Avian Biology, 29, 205-207. 
Creel, S., Dantzer, B., Goymann, W. & Rubenstein, D.R. (2013) The ecology of stress: 
effects of the social environment. Functional Ecology, 27, 66-80. 
Cyr, N.E. & Romero, L.M. (2007) Chronic stress in free-living European starlings 
reduces corticosterone concentrations and reproductive success. General and 
Comparative Endocrinology, 151, 82-89. 
de la Hera, I., Pérez-Tris, J. & Tellería, J.L. (2009) Repeatable length and mass but not 
growth rate of individual feathers between moults in a passerine bird. Acta 
Ornithologica, 44, 95-99. 
De Oliveira, A.A. & Mori, S.A. (1999) A central Amazonian terra firme forest. I. High tree 
species richness on poor soils. Biodiversity and Conservation, 8, 1219-1244. 
DesRochers, D.W., Reed, J.M., Awerman, J., Kluge, J.A., Wilkinson, J., van 
Griethuijsen, L.I., Aman, J. & Romero, L.M. (2009) Exogenous and endogenous 
corticosterone alter feather quality. Comparative Biochemistry and Physiology, 
Part A: Molecular & Integrative Physiology, 152, 46-52. 
Ferreira, N.G.C., da Silva, L.P., Fonseca, C., Soares, A.M.V.M. & Loureiro, S. (2010) 
Habitats: can they stress birds? An example of the use of biomarkers as an 
evaluation tool. Integrated Environmental Assessment and Management, 6, 779-
780. 
40 
 
Gascon, C. & Bierregaard, R.O. (2001) The Biological Dynamics of Forest Fragments 
Project: The study site, experimental design, and research activity. Lessons from 
Amazonia (eds R.O. Bierregaard, C. Gascon, T.E. Lovejoy & R. Mesquita), pp. 5-
12. Yale, New Haven, CT. 
Gill, S.A., Costa, L.M. & Hau, M. (2008) Males of a single-brooded tropical bird species 
do not show increases in testosterone during social challenges. Hormones and 
Behavior, 54, 115-124. 
Grubb, T.C. (1989) Ptilochronology: feather growth bars as indicators of nutritional 
status. Auk, 106, 314-320. 
Grubb, T.C. (1991) A deficient diet narrows growth bars on induced feathers Auk, 108, 
725-727. 
Grubb, T.C. (2006) Ptilochronology: Feather time and the biology of birds. Oxford 
Ornithology Series, New York. 
Grubb, T.C. & Cimprich, D.A. (1990) Supplementary food improves the nutritional 
condition of wintering woodland birds: evidence from ptilochronology Ornis 
Scandinavica, 21, 277-281. 
Grubb, T.C. & Yosef, R. (1994) Habitat-specific nutritional condition in Loggerhead 
Shrikes (Lanus ludovicianus): evidence from ptilochronology Auk, 111, 756-759. 
Jenkins, K.D., Hawley, D.M., Farabaugh, C.S. & Cristol, D.A. (2001) Ptilochronology 
reveals differences in condition of captive White-throated Sparrows. Condor, 103, 
579-586. 
Jenni-Eiermann, S., Helfenstein, F., Vallat, A., Glauser, G. & Jenni, L. (2015) 
Corticosterone: effects on feather quality and deposition into feathers. Methods in 
Ecology and Evolution, 6, 237-246. 
Johnson, E.I. (2011) Fragmentation sensitivity and its consequences on demography 
and host–ectoparasite dynamics in Amazonian birds. Ph.D. dissertation, 
Louisiana State University. 
41 
 
Johnson, E.I., Stouffer, P.C. & Bierregaard, R.O., Jr. (2012) The phenology of molting, 
breeding and their overlap in central Amazonian birds. Journal of Avian Biology, 
43, 141-154. 
Johnson, E.I., Stouffer, P.C. & Vargas, C.F. (2011) Diversity, biomass, and trophic 
structure of a central Amazonian rainforest bird community. Revista brasileira de 
ornitologia, 19, 1-16. 
Koren, L., Nakagawa, S., Burke, T., Soma, K.K., Wynne-Edwards, K.E. & Geffen, E. 
(2012) Non-breeding feather concentrations of testosterone, corticosterone and 
cortisol are associated with subsequent survival in wild house sparrows. 
Proceedings of the Royal Society of London, Series B: Biological Sciences, 279, 
1560-1566. 
Kouwenberg, A.L., McKay, D.W., Fitzsimmons, M.G. & Storey, A.E. (2015) Measuring 
corticosterone in feathers using an acetonitrile/hexane extraction and enzyme 
immunoassay: feather corticosterone levels of food-supplemented Atlantic Puffin 
chicks. Journal of Field Ornithology, 86, 73-83. 
Landys, M.M., Goymann, W., Schwabl, I., Trapschuh, M. & Slagsvold, T. (2010) Impact 
of season and social challenge on testosterone and corticosterone levels in a 
year-round territorial bird. Hormones and Behavior, 58, 317-325. 
Laurance, W.F. (2001) The hyper-diverse flora of the central Amazon: an overview. 
Lessons from Amazonia (eds R.O. Bierregaard, C. Gascon, T.E. Lovejoy & R. 
Mesquita), pp. 47-53. Yale, New Haven, CT. 
Le Tortorec, E., Helle, S., Suorsa, P., Sirkia, P., Huhta, E., Nivala, V. & Hakkarainen, H. 
(2012) Feather growth bars as a biomarker of habitat fragmentation in the 
Eurasian treecreeper. Ecological Indicators, 15, 72-75. 
Lendvai, A.Z., Giraudeau, M., Nemeth, J., Bako, V. & McGraw, K.J. (2013) Carotenoid-
based plumage coloration reflects feather corticosterone levels in male house 
finches (Haemorhous mexicanus). Behavioral Ecology and Sociobiology, 67, 
1817-1824. 
Love, O.P., Breuner, C.W., Vezina, F. & Williams, T.D. (2004) Mediation of a 
corticosterone-induced reproductive conflict. Hormones and Behavior, 46, 59-65. 
42 
 
Murphy, M.E., King, J.R. & Lu, J. (1988) Malnutrition during the postnuptial molt of 
White-crowned sparrows: feather growth and quality. Canadian Journal of 
Zoology-Revue Canadienne de Zoologie, 66, 1403-1413. 
Ouyang, J.Q., Sharp, P.J., Dawson, A., Quetting, M. & Hau, M. (2011) Hormone levels 
predict individual differences in reproductive success in a passerine bird. 
Proceedings of the Royal Society of London, Series B: Biological Sciences, 278, 
2537-2545. 
Patterson, A.G.L., Kitaysky, A.S., Lyons, D.E. & Roby, D.D. (2015) Nutritional stress 
affects corticosterone deposition in feathers of Caspian tern chicks. Journal of 
Avian Biology, 46, 18-24. 
Peig, J. & Green, A.J. (2009) New perspectives for estimating body condition from 
mass/length data: the scaled mass index as an alternative method. Oikos, 118, 
1883-1891. 
Rich, E.L. & Romero, L.M. (2005) Exposure to chronic stress downregulates 
corticosterone responses to acute stressors. American Journal of Physiology: 
Regulatory, Integrative and Comparative Physiology, 288, R1628-R1636. 
Romero, L.M. (2002) Seasonal changes in plasma glucocorticoid concentrations in free-
living vertebrates. General and Comparative Endocrinology, 128, 1-24. 
Romero, L.M. (2004) Physiological stress in ecology: lessons from biomedical research. 
Trends in Ecology & Evolution, 19, 249-255. 
Romero, L.M. & Fairhurst, G.D. (2016) Measuring corticosterone in feathers: strengths, 
limitations, and suggestions for the future. Comparative Biochemistry and 
Physiology, Part A: Molecular & Integrative Physiology. 
Romero, L.M. & Wingfield, J.C. (2016) Tempests, poxes, predators and people: stress 
in wildlife and how they cope. Oxford University Press, New York. 
Sapolsky, R.M., Romero, L.M. & Munck, A.U. (2000) How do glucocorticoids influence 
stress responses? Integrating permissive, suppressive, stimulatory, and 
preparative actions. Endocrine Reviews, 21, 55-89. 
43 
 
Schaefer, R.R., Rudolph, D.C., Conner, R.N. & Saenz, D. (2004) Red-cockaded 
woodpecker nutritional status in relation to habitat: evidence from ptilochronology 
and body mass. Red-cockaded woodpecker: road to recovery (eds R. Costa & 
S.J. Daniels), pp. 562-566. Hancock House Publishers, Blaine, WA. 
Sheriff, M.J., Dantzer, B., Delehanty, B., Palme, R. & Boonstra, R. (2011) Measuring 
stress in wildlife: techniques for quantifying glucocorticoids. Oecologia, 166, 869-
887. 
Stouffer, P.C., Bierregaard, R.O., Jr., Strong, C. & Lovejoy, T.E. (2006) Long-term 
landscape change and bird abundance in Amazonian rainforest fragments. 
Conservation Biology, 20, 1212-1223. 
Stouffer, P.C., Johnson, E.I. & Bierregaard, R.O. (2013) Breeding seasonality in central 
Amazonian rainforest birds. Auk, 130, 529-540. 
Stratford, J.A. & Stouffer, P.C. (2001) Reduced feather growth rates of two common 
birds inhabiting central Amazonian forest fragments. Conservation Biology, 15, 
721-728. 
Strochlic, D.E. & Romero, L.M. (2008) The effects of chronic psychological and physical 
stress on feather replacement in European starlings (Sturnus vulgaris). 
Comparative Biochemistry and Physiology, Part A: Molecular & Integrative 
Physiology, 149, 68-79. 
Strong, A.M. & Sherry, T.W. (2000) Habitat-specific effects of food abundance on the 
condition of ovenbirds wintering in Jamaica. Journal of Animal Ecology, 69, 883-
895. 
Talloen, W., Lens, L., Van Dongen, S. & Matthysen, E. (2008) Feather development 
under environmental stress: lead exposure effects on growth patterns in Great 
Tits Parus major: capsule regrowth rate of tail feathers is more strongly affected 
compared to feather length and symmetry. Bird Study, 55, 108-117. 
Tilgar, V., Magi, M., Lind, M., Lodjak, J., Moks, K. & Mand, R. (2016) Acute embryonic 
exposure to corticosterone alters physiology, behaviour and growth in nestlings 
of a wild passerine. Hormones and Behavior, 84, 111-120. 
44 
 
Vangestel, C. & Lens, L. (2011) Does fluctuating asymmetry constitute a sensitive 
biomarker of nutritional stress in house sparrows (Passer domesticus)? 
Ecological Indicators, 11, 389-394. 
Will, A.P., Suzuki, Y., Elliott, K.H., Hatch, S.A., Watanuki, Y. & Kitaysky, A.S. (2014) 
Feather corticosterone reveals developmental stress in seabirds. Journal of 
Experimental Biology, 217, 2371-2376. 
Willis, E.O. (1982) The behavior of scale-backed antbirds. Wilson Bulletin, 94, 447-462. 
Wingfield, J.C. (2013) Ecological processes and the ecology of stress: the impacts of 
abiotic environmental factors. Functional Ecology, 27, 37-44. 
Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S., Ramenofsky, M. & 
Richardson, R.D. (1998) Ecological bases of hormone-behavior interactions: the 
"emergency life history stage". American Zoologist, 38, 191-206. 
Wolfe, J.D. (2014) Effects of forest fragmentation on central Amazonian bird 
demography. Ph.D. dissertation, Louisiana State University. 
Yosef, R. & Grubb, T.C. (1992) Territory size influences nutritional condition in 
nonbreeding Loggerhead shrikes (Lanus ludovicianus): a ptilochronology 
approach Conservation Biology, 6, 447-449. 
 
 
 
 
 
 
 
 
 
45 
 
CHAPTER 3: MATRIX AND AREA EFFECTS ON THE NUTRITIONAL CONDITION 
OF UNDERSTORY BIRDS IN AMAZONIAN RAINFOREST FRAGMENTS 
 
INTRODUCTION 
Feathers are important structures serving a variety of functions in the lives of birds; they 
are essential for body insulation, flight performance, and social communication 
(Stettenheim 1976). Because of their great importance, maintaining a complete, 
functioning set of feathers is crucial for birds. When feathers are lost or damaged, 
replacements are rapidly grown, and natural selection is thought to favor the 
expenditure of energy and nutrients for high-quality feathers (Dawson et al. 2000). 
However, feathers are costly structures, made up of more than 90% protein which, 
depending on the species, can be up to 12% of an individual’s body mass (Murphy 
1996). Therefore, both the rate of feather growth and the amount of material put into 
each feather can be adjusted to compensate for energetical demands of other activities, 
or when resources are scarce (Murphy, King & Lu 1988; Grubb 1989).  
Feathers are composed of alternating dark and light growth bars, with a pair of 
dark-light bars corresponding to a 24-hour period of feather growth (Michener & 
Michener 1938). The measurement of growth bars, a technique known as 
ptilochronology (Grubb 1989), has been used as an indirect measure of the nutritional 
condition of birds during the period of feather growth. Under good conditions, birds grow 
their feathers faster, which results in wider growth bars; under adverse conditions, 
feather growth can be reduced resulting in narrower growth bars. Consequently, the 
width of growth bars on feathers gives a day-by-day record of the nutritional regime 
under which a bird has lived, providing information about the bird’s nutritional condition 
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and the quality of its habitat (Grubb 1989; Grubb 2006). Similarly, the amount of 
material devoted to producing each feather can also be used as a measure of nutritional 
condition, with longer, heavier feathers being of better quality (Murphy, King & Lu 1988; 
Dawson et al. 2000).  
Since the discovery of ptilochronology as a biomarker, the technique has been 
applied to describe environmental effects on bird’s nutritional condition (Grubb 2006). 
Different aspects of habitats such as territory size (Yosef & Grubb 1992), territory quality 
(Grubb & Yosef 1994; Carlson 1998; Strong & Sherry 2000; Schaefer et al. 2004; 
Vangestel & Lens 2011), precipitation (Carbonell & Telleria 1999), successional forest 
stage (Brown, Strong & Stouffer 2002), and anthropogenic modifications like 
fragmentation (Stratford & Stouffer 2001), and pollution (Talloen et al. 2008), have been 
addressed using ptilochronology and feather quality as indicators of bird condition, 
generally giving satisfactory results and leading to establishment of feather growth as a 
useful predictor of habitat quality. 
Habitat loss and fragmentation rank among the most significant threats to global 
biodiversity (Fahrig 2003; Foley et al. 2005). The process of forest fragmentation 
decreases the area of habitat available for wild species, while at the same time 
increases the isolation of the remaining fragments, and the amount of edges around 
them (Kupfer, Malanson & Franklin 2006). As a consequence, forest fragments are 
often lacking sensitive species that cannot tolerate area or edge effects. Still, certain 
species can persist in fragments although they may be affected in subtle but important 
ways, which can ultimately affect their long-term fitness and survival in the fragments 
(Fahrig 1997). 
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When a habitat is fragmented into smaller patches, normal abiotic conditions are 
significantly altered, especially at or near the edge between the patch and the 
surrounding matrix (Lovejoy et al. 1986; Saunders, Hobbs & Margules 1991; Murcia 
1995). Physical conditions near edges are typically hotter and drier than in forest 
interiors, which can affect forest structure, altering food resources and favoring non-
forest species (Lovejoy et al. 1986; Saunders, Hobbs & Margules 1991; Murcia 1995). 
Exotic species, predators, brood parasites among others can all be attracted to edges, 
altering species interactions (Saunders, Hobbs & Margules 1991; Murcia 1995; Stratford 
& Robinson 2005). The size of a fragment is also an important feature affecting the 
establishment of territories and significantly reducing the number of individuals that can 
share a single fragment (Stratford & Robinson 2005; Ferraz et al. 2007). Additionally, as 
the area of a given fragment decreases, so does the amount of core habitat that is 
unaffected by the surrounding environment (Gascon, Williamson & Gustavo 2000; 
Kupfer, Malanson & Franklin 2006). Fragment shape, position in the landscape, and 
connectivity to other fragments also play an important role affecting within-fragment 
dynamics. Therefore, even when birds are able to persist in fragments they may still 
suffer from such alterations.      
The effects of habitat fragmentation on the nutritional condition of birds were 
revealed by ptilochronology in two common species at the Biological Dynamics of 
Forest Fragments Project (BDFFP), Glyphorynchus spirurus and Dixiphia pipra. 
Stratford and Stouffer (2001) showed that although these birds might not have 
significant long-term changes in their abundance, they may still suffer the 
consequences of fragmentation. A few years later, Stouffer et al. (2006) highlighted how 
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landscape change, especially second-growth regeneration in edges and the matrix, 
positively affects abundance and recolonization of previously isolated fragments. 
Motivated by these results, I wanted to expand the analysis of nutritional condition to 
more species and through a longer time period. For that, I measured feather growth rate 
and feather quality in 12 species of birds living in fragments within a dynamic landscape 
during a period of 21 years at the BDFFP. I expected to find lower nutritional condition 
in birds from smaller fragments compared to larger fragments and continuous forest. I 
also expected to see reduced nutritional condition in fragments surrounded by young 
vegetation in the edges (hereafter border), as well as in the matrix (hereafter second-
growth). But I hypothesized that negative effect would be lost as this vegetation 
matured.  
Because different species have different levels of sensitivity to fragmentation and 
landscape change (Stouffer et al. 2006), I expected each one to show different 
responses in their nutritional condition. Therefore, I expected that the most sensitive 
species within my sample belong to the flock-obligate, ant-follower, and near-ground 
insectivore trophic guilds (Thamnomanes caesius, T. ardesiacus, Pithys albifrons, 
Gymnopithys rufigula, and Willisornis poecilinota). On the other hand, species from the 
edge-specialist, flock-dropout, and core frugivore trophic guilds (Percnostola rufifrons, 
Hypocnemis cantator, G. spirurus, Myrmotherula axillaris, Xiphorhynchus pardalotus, D. 
pipra, and Mionectes macconnelli) will probably be unaffected or positively affected from 
habitat fragmentation and young vegetation around the fragments.  
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MATERIALS AND METHODS 
Bird sampling and feather collection  
Birds were captured using mist nets (NEBBA type ATX, 36-mm mesh, 12×2 m), with the 
bottom of the nets at ground level. Depending on the size of the fragment, a different 
number of nets was used. At the 1 ha fragments, one line of 8 end-to-end mist nets was 
used. In the 10 ha fragments, one line of 16 nets was used. Three lines of 16 nets were 
used at the 100 ha fragments, and four lines of 16 nets were used at the continuous 
forest sites. Also, three or four sets of 4 mist nets were used along the borders at each 
of the fragments. Each net lane was sampled for a day at the time, starting at 0600 until 
1400 hours.  
The outermost right rectrix (R6) was collected from each banded bird and placed 
in individual paper envelopes. Feathers that were still growing were pulled if a minimum 
of ten consecutive growth bars were visible. My feather samples come from this 
systematic sampling of all fragments that has taken place in discrete time intervals: 
1991-1992, 2000-2001, and 2007-2012. I selected 12 species from which sufficient 
feathers from each sampling interval were available. The 12 species belong to six 
different foraging guilds and differ in their sensitivity to fragmentation and landscape 
change as evidenced by previous research at the BDFFP (Table 3.1).    
Feather measurements 
Following Grubb (1989), I calculated the daily growth rate (in mm/day) in each R6 
feather collected by marking the length of feather occupied by ten growth bars on an 
index card. After removing the feather from the card, I measured the total length using a 
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digital caliper (0.01 mm resolution) and obtained a mean daily growth rate for each 
individual, by dividing the total length by ten (or the total number of bars measured). In 
order to increase the accuracy of this measurement, I repeated the process three times 
per feather; the final estimated daily growth rate is an average of the three 
measurements. The total length of each feather (in mm), from the base of the calamus 
to the tip of the feather, was measured with a digital caliper. Feather mass (in mg) was 
also measured using a high-resolution analytical balance (0.1 mg of instrumental 
repeatability). Feather length and mass were recorded for fully-grown feathers only, 
therefore the sample size for the feather quality analysis is smaller in some cases 
(Table 3.1). Feather quality was calculated as the ratio of feather mass to feather 
length.   
Landscape data and statistical analysis 
I used historical records at the BDFFP (G. Ferraz, unpublished data) to reconstruct the 
isolation/reisolation and land-use history of each fragment. I also inspected LANDSAT 
images of the study area to confirm data from the historical records. In these images, 
ages of vegetation are distinguished by shades of color. Bare ground and very young 
vegetation appear in shades of red, whereas older vegetation appears in shades of 
green, with old-growth forests having the darkest shades (Fig. 3.1). Based on the 
records and the images, I defined borders as either mature or young, as well as 
determined the age of second growth forest in the matrix around the fragments. 
Because I did not have feathers for all second growth age-fragment size combinations, I 
transformed the age of second growth to a categorical variable, lumping several years 
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into single categories as follows: 1= 0-10 years, 2= 11-20 years, 3= 21-30 years, and 4 
≥ 31 years (continuous forest).   
 
Table 3.1. Feather sample sizes use for the ptilochronology and feather quality 
(numbers in parenthesis) analyses by species and fragment size. Foraging guild 
assignments followed Powell et al. (2013).   
Species 
Foraging 
guild 
Fragment size (ha) 
1 10 100 CF 
T. ardesiacus Flock 
obligate 
7 (7) 36 (29) 85 (76) 58 (50) 
T. caesius 16 (13) 42 (39) 93 (89) 66 (62) 
M. axillaris 
Flock 
dropout 
46 (37) 44 (40) 32 (31) 29 (26) 
H. cantator Edge 
specialist 
60 (53) 33 (32) 69 (69) 50 (28) 
P. rufifrons 81 (70) 75 (66) 89 (79) 51 (47) 
P. albifrons Ant-
follower 
65 (58) 69 (64) 94 (89) 93 (85) 
G. rufigula 32 (28) 30 (29) 63 (59) 47 (44) 
W. poecilinotus 
Near-
ground 
insectivore 
36 (18) 76 (69) 96 (90) 102 (92) 
G. spirurus Flock 
dropout 
71 (57) 90 (78) 93 (87) 87 (81) 
X. pardalotus 17 (11) 45 (37) 58 (50) 42 (38) 
M. macconnelli Core 
frugivore 
74 (62) 82 (78) 83 (78) 60 (48) 
D. pipra 83 (76) 108 (101) 121 (115) 90 (88) 
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Figure 3.1. A LANDSAT image from the BDFFP study area in July 1992 showing 
fragments of different sizes and vegetation of different ages at Fazenda Porto Alegre. 
The largest fragment (100 ha, yellow arrow) is surrounded by both a mature border and 
matrix, whereas the smaller two fragments (1 and 10 ha, red arrows) are surrounded by 
young borders and a mature matrix.  
 
I used an information-theoretic framework to model feather growth rate and feather 
quality as functions of landscape characteristics for each species separately, as well as 
with data from all species combined. Since I was only evaluating landscape variables 
that have been important in previous studies at the BDFFP study site (Stouffer et al. 
2006; Powell, Stouffer & Johnson 2013), my variable set was reduced to fragment size, 
border status, and age of second growth forest around the fragments, all transformed 
into categorical values. For species with insufficient data for the border status – 
fragment size combinations, the border variable was not included in the analysis (T. 
ardesiacus, T. caesius, P. albifrons, G. rufigula, X. pardalotus). Insufficient data was 
defined as either completely lacking or having less than five samples from a particular 
combination. For the remaining species, I used all three variables in the models. The 
models fit for each individual species were n-way analysis of variance (without 
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interactions), whereas the models fit for all species combined were mixed linear models 
with species as a random effect to control for the differences among species. I 
compared the models for each species using the AIC criterion corrected for small 
sample size (AICc), and selected the best model from which I estimated the respective 
parameters. In the cases when a best model could not be identified because more than 
one model had sufficient support (ΔAICc 0-2), I selected all the models with ΔAICc < 2, 
and used a conditional model averaging procedure to calculate parameter estimates 
using this subset of models (Burnham and Anderson 2002). All analyses were 
performed in R. 
RESULTS 
My sample size for the ptilochronology analysis consisted of 3,069 feathers. The 
species with the largest sample size was D. pipra (n=402), and the species with the 
lowest number of feathers measured in all fragments was M. axillaris (n=151) (Table 
3.1).  The total sample size for the feather quality analysis was 2,753. Once again, D. 
pipra had the highest number of feathers measured (n=380), and M. axillaris had the 
lowest (n=134). Mean daily feather growth rate and feather quality varied dramatically 
with fragment size, border status, and age of second-growth, although the response 
was different for each species (Figs. 3.2 - 3.4). This was evident in the model selection 
results, in which for some species a superior model emerged, whereas for others 
several different models had similar support or the best model identified was the null 
model (intercept-only) (Appendix B).  
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Figure 3.2. Mean feather daily growth rate (means ± se) for Amazonian understory bird 
species in forest fragments and continuous forest sites at the Biological Dynamics of 
Forest Fragments Project (circles= mature border; triangles= young border; border data 
not shown for species in which this variable was not included in the models).  
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Figure 3.3. Mean feather quality (means ± se) for Amazonian understory bird species in 
forest fragments and continuous forest sites at the Biological Dynamics of Forest 
Fragments Project (circles= mature border; triangles= young border; border data not 
shown for species in which this variable was not included in the models).  
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Figure 3.4. Mean feather quality (means ± se) for Amazonian understory bird species in 
forest fragments and continuous forest sites at the Biological Dynamics of Forest 
Fragments Project (second growth age categories: = 1; Δ= 2; = 3; †=4; see 
methods for details).  
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Based on the Akaike weights calculated for each variable, border status was the 
most important variable explaining feather growth rate, followed by second-growth age 
and fragment size, respectively (Table 3.2). Parameter estimates indicate that the 
presence of a young border around the fragments had a significant negative effect on 
the feather growth rate of most species (but see W. poecilinotus) in which this 
parameter was included (Table 3.3). For the majority of species in which the age of 
second-growth was included in the models, there was a positive effect of this landscape 
feature on the feather growth rate as it increased in age (except in P. albifrons) (Table 
3.3). The same was true for the effect of fragment size on feather growth rate, in which 
for most species there was an increase in feather growth rate as the size of the 
fragment increased. However, for T. caesius the fragment size effect was significant 
and negative (Table 3.3).          
According to the Akaike weights calculated for models explaining feather quality, 
second-growth age was the most important variable explaining feather quality, followed 
by fragment size and border status, respectively (Table 3.2). Unlike the effects of these 
variables on feather growth rate, there was not a clear pattern of the effect of the 
variables on feather quality (Table 3.4). Depending on the species, the presence of a 
young border around the fragments either reduced or increased the quality of the 
feathers; the same was true for the effects of fragment size and second-growth age 
(Table 3.4).   
For all species combined, the best model explaining variation in feather growth 
rate was the full model (Table 3.3). The presence of a young border had a significant 
negative effect on feather growth rate. Feather growth rate significantly increased with 
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increasing fragment size, and the same was true for second-growth age. For feather 
quality, there were two competitive models (Appendix B), and although non-significant, 
the presence of a young border around the fragments had a negative effect on feather 
quality.  
 
Table 3.2. Akaike weights (wi) for landscape variables in best fit (or confidence set, 
ΔAICc < 4) models predicting feather traits in Amazonian understory bird species at the 
Biological Dynamics of Forest Fragments Project. The heaviest weighted variable for 
each species in shown in bold. 
Species 
Feather growth rate Feather quality 
Border Frag SG age Border Frag SG age 
T. ardesiacus NA 0.00 0.00 NA 0.79 0.73 
T. caesius NA 0.66 0.34 0.00 0.00 0.00 
M. axillaris 0.49 0.00 0.00 0.33 0.00 0.00 
H. cantator 1.00 0.41 0.00 0.31 1.00 0.00 
P. rufifrons 0.84 0.00 0.00 0.27 0.00 0.00 
P. albifrons NA 0.00 0.36 NA 0.29 0.19 
G. rufigula NA 0.33 0.00 NA 0.00 0.00 
W. poecilinotus 0.46 0.50 0.85 0.43 0.51 0.89 
G. spirurus 0.20 0.35 0.44 0.30 0.00 0.67 
X. pardalotus NA 0.56 0.53 NA 0.00 0.65 
M. macconnelli 0.31 1.00 1.00 0.73 0.72 1.00 
D. pipra 0.00 0.00 0.00 0.85 0.37 0.70 
All species 0.74 0.74 0.74 0.36 0.00 0.00 
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Table 3.3. Parameter estimates and 95% confidence intervals for best fit (or confidence set, “avg”) models predicting 
feather growth rate as a function of landscape variables in Amazonian understory bird species at the Biological Dynamics 
of Forest Fragments Project. Parameters in bold do not overlap zero. In some cases, the model was rank deficient, so it 
failed to estimate a coefficient for second-growth age 4 (NA). Parameter estimates are shown as differences with respect 
to the first category in each variable (Border mature, Frag 1, SG 1).     
Species 
Best 
model 
Parameter estimates 
Border 
(Young) 
Frag 10 Frag 100 CF SG 2 SG 3 SG 4 
T. ardesiacus Null        
T. caesius Avg  
-0.030 
(-0.106, 0.046) 
-0.076 
(-0.147, -0.005) 
-0.059 
(-0.136, 0.017) 
0.005 
(-0.049, 0.050) 
0.049 
(-0.012, 0.102) 
0.012 
(-0.033, 0.102) 
M. axillaris Border 
-0.073 
(-0.137, -0.008) 
      
H. cantator Avg 
-0.062 
(-0.104, -0.020) 
0.050 
(-0.001, 0.102) 
0.037 
(-0.005, 0.080) 
0.047 
(-0.001, 0.096) 
   
P. rufifrons Border 
-0.068 
(-0.113, -0.022) 
      
P. albifrons Avg     
-0.023 
(-0.060, 0.012) 
0.011 
(-0.031, 0.054) 
-0.024 
(-0.062, 0.012) 
G. rufigula Avg  
0.012 
(-0.066, 0.092) 
0.058 
(-0.009, 0.126) 
0.064 
(-0.007, 0.135) 
   
W. poecilinotus Avg 
0.051 
(-0.014, 0.117) 
0.001 
(-0.057, 0.059) 
0.044 
(-0.010, 0.099) 
0.078 
(0.002, 0.155) 
0.044 
(-0.015, 0.104) 
0.077 
(0.014, 0.140) 
0.05 
(-0.004, 0.105) 
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Table 3.3 continued 
Species 
Best 
model 
Parameter estimates 
Border 
(Young) 
Frag 10 Frag 100 CF SG 2 SG 3 SG 4 
G. spirurus Avg 
-0.022 
(-0.059, 0.014) 
-0.003 
(-0.048, 0.040) 
0.036 
(-0.007, 0.080) 
0.022 
(-0.032, 0.077) 
0.033 
(-0.005, 0.072) 
0.051 
(0.004, 0.098) 
0.016 
(-0.023, 0.055) 
X. pardalotus Avg  
0.101 
(0.009, 0.193) 
0.099 
(0.009, 0.188) 
0.119 
(0.016, 0.222) 
0.078 
(0.005, 0.150) 
0.007 
(-0.065, 0.080) 
0.035 
(-0.031, 0.102) 
M. macconnelli Avg 
-0.021 
(-0.083, 0.040) 
0.043 
(-0.012, 0.098) 
0.118 
(0.061, 0.173) 
0.130 
(0.059, 0.201) 
-0.004 
(-0.056, 0.047) 
0.119 
(0.054, 0.184) 
NA 
D. pipra Null        
All species Full 
-0.025 
(-0.040, -0.006) 
0.008 
(-0.006, 0.024) 
0.025 
(0.011, 0.041) 
0.024 
(0.007, 0.471) 
0.008 
(-0.006, 0.024) 
0.023 
(0.005, 0.040) 
NA 
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Table 3.4. Parameter estimates and 95% confidence intervals for best fit (or confidence set, “avg”) models predicting 
feather quality as a function of landscape variables in Amazonian understory bird species at the Biological Dynamics of 
Forest Fragments Project. Parameters in bold do not overlap zero. Parameter estimates are shown as differences with 
respect to the first category in each variable (Border mature, Frag 1, SG 1).     
Species 
Best 
model 
Parameter estimates 
Border 
(Young) 
Frag 10  Frag 100 CF SG 2 SG 3 SG 4 
T. ardesiacus Avg  
0.0034 
(-1.5e-3, 8.4e-3)  
0.0004 
(-4.9e-3, 5.8e-3) 
-0.0006 
(-6.3e-3, 4.9e-3) 
-0.0006 
(-3.1e-3, 1.7e-3) 
0.0029 
(-5.3e-5, 5.9e-3) 
-0.0014 
(-3.6e-3, 7.6e-4) 
T. caesius Null       
 
M. axillaris Avg 
-0.0011 
(-4.0e-3, 1.7e-3) 
     
 
H. cantator Avg 
-0.0006 
(-2.6e-3, 1.2e-3) 
-0.0034 
(-5.8e-3, -1.1e-
3) 
-0.0016 
(-3.6e-3, 2.7e-4) 
0.0006 
(-1.9e-3, 3.1e-3) 
  
 
P. rufifrons Avg 
-0.0004 
(-3.7e-3, 2.8e-3) 
     
 
P. albifrons Avg  
0.0005 
(-2,4e-3, 3.6e-3) 
0.0015 
(-1.3e-3, 4.3e-3) 
0.0028 
(8.7e-5, 5.7e-3) 
 0.0001 
(-2.5e-3, 2.8e-3) 
-0.0007 
(-4.0e-3, 2.4e-3) 
0.0019 
(-7.9e-4, 4.7e-3) 
G. rufigula Null       
 
W. poecilinotus Avg 
0.002 
(-8.7e-4, 5.0e-3) 
-0.0029 
(-6.2e-3, 1.1e-4) 
-0.0032           
(-6.3e-3, -2.7e-4) 
-0.002 
(-5.4e-3, 1.8e-3) 
0.0031 
(6.2e-4, 5.6e-3) 
0.0014 
(-1.3e-3, 4.1e-3) 
0.0012 
(-1.2e-3, 3.8e-3) 
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Table 3.4 continued 
Species 
Best 
model 
Parameter estimates 
Border 
(Young) 
Frag 10  Frag 100 CF SG 2 SG 3 SG 4 
G. spirurus Avg 
0.0021 
(-1.1e-3, 5.4e-3) 
   0.0038 
(7.3e-4, 6.9e-3) 
0.0032 
(-7.1e-4, 7.2e-3)  
0.0015 
(-1.8e-3, 4.9e-3) 
X. pardalotus Avg     
0.014 
(2.2e-3, 2.6e-2) 
-0.004 
(-1.5e-2, 6.7e-3) 0.0015 
(-8.6e-3, 1.2e-2) 
M. macconnelli Avg 
-0.0029 
(-6.2e-3, 2.0e-4) 
0.0027 
(-4.6e-5, 5.6e-3) 
0.0031 
(2.9e-4, 6.0e-3) 
0.0025 
(-1.4e-3, 6.5e-3) 
-0.0005 
(-3.5e-3, 2.3e-3) 
0.0038 
(2.2e-4, 7.3e-3) -0.0001 
(-3.7e-3, 2.7e-3) 
D. pipra Avg 
0.0019 
(2.5e-4, 3.5e-3) 
0.001 
(-4.2e-4, 2.6e-3) 
0.0013 
(-2.2e-4, 2.8e-3) 
0.0001 
(-2.0e-3, 1.8e-3) 
-0.0019 
(-2.3e-3, -3.9e-
4) 
-0.0014 
(-3.0e-3, 4.3e-4) -0.0012 
(-2.6e-3, 4.9e-4) 
All species Avg -0.0004 
(-1.4e-3, 5.1e-4)             
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DISCUSSION  
I examined feather growth rate and feather quality as measures of nutritional condition 
in 12 understory bird species in Amazonian rainforests fragments within a dynamic 
landscape. Even though each species responded differently to changes in the 
landscape, the effect of the variables I studied was in the direction I predicted, at least in 
the case of feather growth rate. Feather growth rate was lower in feathers collected in 
fragments surrounded with young borders, suggesting a reduction in the nutritional 
condition of the birds living in those fragments. Also, as fragment size increased and the 
second-growth vegetation in the matrix matured, the nutritional condition of the birds 
improved. The effects of these landscape characteristics had been evidenced by 
previous research at my study site. Still, my results confirm the important influence of 
the landscape on processes inside the fragments, as well as reflect processes occurring 
outside the fragments, which highlights the importance of landscape-scale approaches 
for conservation of tropical forests biodiversity. Nevertheless, it is important to 
remember that the species included in this analysis are not the most sensitive species 
at my study site. Because of sample size limitations, the species in this study are ones 
that, at least occasionally, occur in the fragments, therefore my results are not to be 
generalized to more sensitive species that are probably affected by fragmentation and 
landscape change in different ways.  
Although there was no general trend of reduced feather growth rate in the 
smaller fragments (1 and 10 ha), there was a sharp decrease in feather growth rate in 
most species when these fragments were surrounded by young borders. Interestingly, 
that effect was lost in the 100 ha fragments (but see T. caesius, P. rufifrons, and P. 
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albifrons), showing how the detrimental effects of edges are less drastic as fragment 
size increases (Murcia 1995; Gascon, Williamson & Gustavo 2000; Stouffer et al. 2006). 
A surprising result was observed in the two species of edge specialists H. cantator and 
P. rufifrons, which showed very strong negative effects on their nutritional condition 
when the borders were young, but no differences among fragments (or continuous 
forest) when the borders were mature. Only these two species (plus hummingbirds) 
showed increases in abundance in 1 ha fragments after isolation and kept increasing 
after about 20 years post-isolation (Stouffer et al. 2006). Also, movements of these 
species were not inhibited by the presence of a 30-40 m road at the BDFFP, and in fact 
their abundance increased near roads (Laurance, Stouffer & Laurance 2004). Based on 
these previous findings, I expected to see a neutral or even a positive influence of 
young borders on their nutritional condition, which I did not find. This is an excellent 
example to highlight the differences between natural gaps created by tree falls, versus 
long forest edges created by anthropogenic disturbances which often modify the forest 
beyond its range of natural intrinsic variation, affecting even the most resilient species 
(Murcia 1995; Gascon, Williamson & Gustavo 2000).    
Another interesting result of the effects of border vegetation on feather growth 
rate was seen in core frugivores M. macconnelli and D. pipra, two very common species 
at the BDFFP. They both persist in fragments as small as 1 ha and use second-growth 
vegetation in the matrix beginning in the early stages of regeneration when most birds 
avoid it. Despite all these similarities, their responses to fragmentation and landscape 
change were strikingly different. For M. macconnelli, feather growth rate was lower in 
the 1 and 10 ha fragments, and dropped significantly when the border vegetation was 
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young. Feather growth rate was higher in the 100 ha fragments with and without young 
borders, and there were no differences between this fragment size class and continuous 
forest. Also, the effect of second-growth age on the nutritional condition of M. 
macconnelli was obvious, with feather growth rate being significantly lower when 
vegetation in the matrix was less than 20 years old. However, D. pipra showed no 
differences in feather growth rate across any of the landscape combinations I examined.   
My predictions for the response of most-sensitive and least-sensitive species did 
not hold. I predicted that species from flock-obligate, ant-follower, and near-ground 
insectivore guilds would be most affected by changes in the landscape. However, most 
of these species showed either no trend (T. ardesiacus) in their responses to the 
landscape variables, or the opposite trend of what I predicted (T. caesius, P. albifrons). 
It seems that because these species have large area requirements and low tolerance to 
matrix habitat, two characteristics that have been identified to determine animal 
vulnerability to fragmentation (Laurance et al. 2011), they can only colonize fragments 
when conditions are good for them, confounding my results of nutritional condition. 
Certainly these species do not occur in 1 ha fragments surrounded by young borders, 
so data from these particular combinations are not available, which limits my power to 
understand how their nutritional condition is affected by edge effects. In an analysis of 
movement between the interface of primary and second-growth forest, Powell et al. 
(2013) found that recovery time was the same in different fragment sizes for flock 
obligates, illustrating how these birds can only colonize small fragments when 
conditions are adequate, and from that point on the any effect of fragment size is lost. 
Similarly, Stouffer and Bierregaard (2007) found no useful model to explain capture rate 
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of flock obligates and near-ground insectivores in 1 ha fragments, since they were 
almost never captured in these fragments under any conditions (until 2001).  
My results of feather quality were not very informative. For instance, there were 
no clear patterns of the effect of landscape variables on the quality of the feathers I 
examined. Depending on the species, the presence of a young border either had a 
positive or negative effect on feather quality. Similarly, as fragment size increased and 
matrix vegetation matured, feather quality improved, declined, or did not change. 
Additionally, for most species, the variables that were important explaining changes in 
feather growth rate were not the same as for feather quality, suggesting that regulation 
of these two traits occurs based on different processes.  
The main reason I wanted to explore variation in feather quality as a function of 
landscape change, was because the majority of species in this study have protracted 
molts and large proportions of molt-breeding overlap (MBO). Therefore, I wanted to 
explore the possibility of existing trade-offs between feather growth rate and feather 
quality. Johnson, Stouffer and Bierregaard (2012) estimated the molt duration of 11 of 
the species in this study (M. macconneli not included), and its relationship with molt-
breeding overlap (MBO) in central Amazon. Eight species (T. ardesiacus, T. caesius, M. 
axillaris, P. rufifrons, P. albifrons, G. rufigula, W. poecilinotus, and X. pardalotus) fell in 
the group with the longest molt duration and the greatest proportion of MBO. Three 
species had low proportions of MBO (H. cantator, G. spirurus, D. pipra). In the case of 
H. cantator, it was because this species has shorter molts relative to its breeding 
season; whereas G. spirurus and D. pipra had low proportions of MBO because of their 
distinct breeding and molting seasons. Since feather replacement is essential for birds 
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to maintain plumage function (Jenni & Winkler 1994), and evidence suggests that 
natural selection favors the expenditure of energy and nutrients to produce feathers of 
high quality (Dawson et al. 2000), I expected that if these species could not control the 
rate at which they grow their feathers (because of other energy-demanding activities like 
breeding), they would grow denser feathers in habitats with more resources. My results 
on a species by species basis suggest this does not appear to be the case for species 
with the greatest proportions of MBO. In general, these birds do not appear to 
significantly alter feather quality regardless of where they live, which could indicate that 
feather quality is such an important characteristic that is not compromised regardless of 
conditions.  
The analysis with data from all species together matched my predictions closely. 
The presence of a young border significantly decreased feather growth rate, as well as 
feather quality. Additionally, as fragment size increased and vegetation in the matrix 
matured, feather growth rate significantly increased. Effects of border vegetation on 
within fragment dynamics have been repeatedly evidenced at the BDFFP. Stouffer et al. 
(2006), found that border age was one of the most important variables explaining 
capture rates of understory birds in fragments, being almost as important as fragment 
size itself, whereas variables associated with the amount of continuous forest in the 
landscape had very little influence. Furthermore, when removing the effect of fragment 
size by analyzing 1 and 10 ha fragments only, the pervasive effect of the border 
vegetation was even more evident (Stouffer & Bierregaard 2007). Powell, Stouffer and 
Johnson (2013) studied movement of birds between the interface of primary and 
second-growth forests and found that border age was an important variable for all the 
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guilds studied, and that except for non-forest species, an increase of age in the border 
vegetation was associated with an increase in capture rates. Building on these results, 
and adding information on the nutritional condition of birds living in forest fragments, I 
can say that the border vegetation influences not only abundance and movements in 
and out of the fragments, but also the physical condition of the birds dwelling in these 
fragments. 
Edges are important, dynamic features of fragments, and their effects are 
pervasive especially in smaller fragments in which the amount of habitat not affected by 
edge effects is almost nonexistent (Gascon, Williamson & Gustavo 2000). Recently 
created edges are abrupt and alter not only physical conditions, but the way species 
distribute, behave and interact with each other along edges (Saunders, Hobbs & 
Margules 1991; Murcia 1995). However, when edges are allowed to regenerate, their 
detrimental effects become less severe, and they act as a buffer that protect the interior 
of forest fragments (Lovejoy et al. 1986; Saunders, Hobbs & Margules 1991; Gascon et 
al. 2001). Nevertheless, the ability of edges to regenerate and serve this protective 
function depends on the quality of the matrix, more specifically the land use intensity 
and history of matrix vegetation. This dependence creates a feedback mechanism in 
which low-intensity land uses in the matrix allow edge regeneration, which buffers the 
forest interior from detrimental edge effects, increasing the effective size of fragments 
over time. On the other hand, matrices with high-intensity land uses slow the 
regeneration process along the edges, increasing their retrogression further into the 
fragment’s interior (Gascon, Williamson & Gustavo 2000).  
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The importance of matrix vegetation in fragmented landscapes has been long 
established (Stouffer & Bierregaard 1995; Ricketts 2001; Stouffer et al. 2006), and this 
has allowed studies to transition from an island-ocean model to a countryside 
biogeographic framework (Mendenhall et al. 2014). Even if borders appeared to be a 
more important feature explaining the nutritional condition of birds living inside the 
fragments, and buffering against the detrimental fragment size effects, matrix vegetation 
plays an important role as biological corridors connecting fragments among each other 
and to primary forests. As second-growth vegetation matures it offers more cover, which 
allows more birds to use it to move across the landscape, allowing recolonization of 
formerly isolated fragments (Stouffer & Bierregaard 1995; Stouffer et al. 2006).  
Using a simple, yet informative measure of nutritional condition I was able to add 
evidence of the detrimental effects that habitat fragmentation and landscape change 
have on the dynamics inside the fragments, while also reinforcing the idea of the 
promising value of second-growth forests in fragment edges and the matrix to conserve 
biodiversity, especially when allowed to regenerate for at least a few decades (Stouffer 
et al. 2006; Chazdon et al. 2009; Powell, Stouffer & Johnson 2013; Chazdon 2014; 
Wolfe 2014). However, it is important to remember the BDFFP is a best-case scenario. 
The ability of vegetation to regenerate into valuable habitat for wild animals is highly 
dependent on the intensity and the land-use history of the matrix vegetation, as well as 
the ratio of second-growth to old-growth forest present in the area (Chazdon et al. 
2009). As mentioned above, the ability of edges to regenerate and serve as buffers for 
forest fragments is highly dependent on activities on the matrix (Gascon, Williamson & 
Gustavo 2000). In places where fire, logging, hunting, invasion by exotic species are 
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common, the potential for second-growth vegetation to be valuable for forest species is 
very low (Chazdon et al. 2009). Impoverishment of soils due to intense agriculture, local 
extinction of seed-dispersers due to hunting and habitat loss, and elimination of the soil 
seed bank because of fires, halt the process of forest regeneration needed for species 
persistence in disturbed landscapes (Chazdon et al. 2009; Chazdon 2014). 
Understanding how different species respond to changes in the environment is vital for 
developing effective conservation programs. Although some species might not show 
decreases in abundance after fragmentation, unfavorable conditions in fragments can 
affect birds in different ways which could have important implications in their nutritional 
condition as evidenced here. Finally, it is important to develop conservation and 
management programs that integrate forest fragments into the context of the overall 
landscape for the conservation and future of tropical forests biodiversity. 
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CHAPTER 4: FLUCTUATING ASYMMETRY AND BODY CONDITION IN BIRDS 
LIVING IN AMAZONIAN RAINFOREST FRAGMENTS 
 
INTRODUCTION 
Habitat fragmentation affects wild populations in profound and complex ways (Robinson 
et al. 1992). In addition to reducing the total area of habitat, which may result in the local 
extinction of some species, fragmentation generates dramatic changes in abiotic 
conditions, as well as altering abundance, distribution, and interactions among species 
(Saunders, Hobbs & Margules 1991; Murcia 1995). Additionally, the loss of connectivity 
created by fragmentation isolates populations, ultimately reducing gene flow and 
promoting inbreeding (Gibbs 2001; Kupfer, Malanson & Franklin 2006). Because of the 
pervasiveness of habitat fragmentation and its significant consequences on biodiversity, 
it is important for conservation biologists to utilize proper methods to identify and 
monitor vulnerable populations before demographic or genetic properties become 
affected (Lens & Eggermont 2008). An ideal biomarker should be applicable at the 
individual and population levels, and should not involve lethal sampling, expensive 
equipment or extensive training (Lens & Eggermont 2008).  
Because of the important consequences of habitat fragmentation on wild 
animals, measures of developmental stability have been proposed as indicators of 
individual quality (Clarke 1995; Moller 1997). Because both sides of a bilateral trait 
share the same genome and develop under similar environments, differences between 
the left and right sides cannot be explained by genetic or environmental differences 
(Reeve 1960). Instead, these differences are believed to be the result of the inability of 
individuals to buffer against perturbations of cellular processes like metabolic rates, 
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concentrations of regulatory molecules, and rates of cell division, growth and death, a 
phenomenon known as developmental noise (Palmer 1994). Developmental stability 
refers to the capacity of individuals to correct for random perturbations caused by 
developmental noise and it is thought to reflect an individual’s quality (Palmer & 
Strobeck 1986; Palmer 1994; Clarke 1995).  
Fluctuating asymmetry (FA), defined as small, random deviations from left–right 
symmetry in bilateral traits (Ludwig 1932), is the most common measure of 
developmental stability. These random deviations from perfect symmetry are supposed 
to be the results of two opposing forces: the ones tending to disrupt development 
(developmental noise), and those tending to stabilize it (developmental stability) (Palmer 
1994). Fluctuating asymmetry then reflects the level of genetic and environmental stress 
experienced by individuals during their development, as well as their ability to buffer 
such stress (Leary & Allendorf 1989). In general terms, the larger the FA of a given trait, 
the lower the developmental stability of the individual. Several methodological 
advantages have promoted the use of FA as a sensitive biomarker of environmental 
and genetic stress. First, the ideal state (perfect symmetry) is known for FA (Palmer 
1994). Second, acceptable samples sizes for the study of FA can be fairly easily and 
non-lethally obtained. Third, the measurement of FA does not require extensive training 
or expensive equipment. And fourth, measures of FA can be applied at the individual, 
population, and assemblage levels.  
In addition to the methodological advantages of the use of FA as a biomarker, 
several studies have supported the positive relationship between increased levels of 
genetic and environmental stress and FA, even suggesting the use of FA as a surrogate 
77 
 
for more direct fitness estimations in studies of conservation biology (Clarke 1995). High 
FA levels have been related to increased homozygosity (Reeve 1960), inbreeding and 
hybridization (Clarke, Brand & Whitten 1986; Moller & Swaddle 1997; Waldmann 1999; 
Lens et al. 2000), high temperatures (Parsons 1992; Imasheva et al. 1999; Bubliy, 
Loeschcke & Imasheva 2000), deficient diet (Nilsson 1994; Imasheva et al. 1999; 
Grieco 2003; Sillanpaa, Salminen & Eeva 2010), pollution (Valentine & Soule 1973; 
Moller 1993; Sillanpaa, Salminen & Eeva 2010), and parasites (Bize, Roulin & Richner 
2004).  
Habitat fragmentation has also been shown to influence levels of asymmetry in 
birds and other groups (Lens et al. 1999; Anciaes & Marini 2000; Cuervo & Restrepo 
2007). In a study of fragmentation in the Taita Hills in south-eastern Kenya, Lens and 
collaborators (1999) found four to sevenfold higher asymmetry of tarsus length in seven 
species of forest birds living in the most degraded fragment, compared to the least 
degraded one. Additionally, they found highly significant increases in the levels of 
asymmetry in birds from the most degraded fragment compared to birds collected in the 
same area 50 years before, but no differences in the least degraded fragment. Similar 
results were found in the Atlantic forest of Brazil (Anciaes & Marini 2000) and the 
tropical Andes of Colombia (Cuervo & Restrepo 2007), when analyzing asymmetry data 
at the community level. Both of these studies found significantly greater asymmetry in 
the traits measured in birds living in forest fragments compared to birds in continuous 
forest sites.  
In the first decade following the introduction of the use of FA as an indicator of 
individual quality, there was a peak in use and acceptance of FA in both evolutionary 
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and ecological studies. However, by the 2000s enough studies had been conducted and 
evidence against the use of the technique was accumulating. It has been proposed that, 
as is the case with many scientific phenomena, the initial boom in acceptance of FA 
was enabled by selective reporting (Lens & Eggermont 2008), and therefore only after 
one decade of work it was evident that the relationship between FA and stress was 
weaker than initially proposed. Additionally, despite the methodological advantages of 
FA and the improvements in the statistical analysis of FA data, the underlying 
mechanisms causing developmental instability are still poorly understood (Lens & 
Eggermont 2008). This lack of understanding is evidenced by the fact that FA has been 
found to be highly context specific, with the relationship between asymmetry and stress 
being trait, stress, and organism-specific (Lens et al. 2002). Regardless of this, FA is 
still being used as an indicator of individual quality in various animal groups. For this 
chapter, I wanted to measure FA levels in tarsus length to try to understand the 
consequences of forest fragmentation on the developmental stability of birds at the 
BDFFP. Since forest fragmentation creates stressful conditions that may affect the 
developmental stability of birds, FA seems like an appropriate indicator of the stress 
suffered by birds that persist in fragments. Consequently, I expect to find greater 
asymmetry levels in birds from smaller fragments (1 and 10 ha) compared to birds living 
in larger fragments (100 ha).    
MATERIALS AND METHODS  
Bird sampling and measurements  
I used data from mist-netted birds in forest fragments at the BDFFP during the months 
of June through August in 2013 to 2015. All fragments (11 in total) were sampled three 
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times in 2013. In 2014 and 2015, only 9 fragments were sampled (fragments at Cidade 
Powell not sampled) the same number of times. Birds were captured using the mist-
netting protocol established at the BDFFP, where 12×2 m, 36-mm mesh, NEBBA type 
ATX mist nets, with the bottom at ground level were used. Depending on the size of the 
fragment, a different number of nets were used at the same time. At the 1 ha fragments, 
one line of 8 end-to-end mist nets was set up in the center of the fragment, with 
additional 4 sets of 4 mist nets along the borders, for a total of 24 nets. In the 10 ha 
fragments, one central line of 16 nets was used, plus 3 sets of 4 mist nets along the 
borders (28 nets total). Three different lines of 16 nets were used at the 100 ha 
fragments, in combination with a different number of nets along the borders (from 0 to 8 
at a given time). Each net lane was sampled for one day at the time, starting at 0600 
and closing at 1400 hours, unless heavy rain forced me to close earlier.  
All birds captured (excluding hummingbirds) were marked with a uniquely 
numbered metal band, and information about age, sex, reproductive and molting status 
were recorded.  Body mass using a digital balance (1g resolution), and wing chord 
(unflattened) using a wing ruler (1 mm resolution) were also recorded. Two repeated 
measurements of the left and right tarsi using a dial caliper (0.1 mm resolution), 
alternating the starting side of each measurement at random, and completely resetting 
the calipers to zero for each measure were taken. The measurement was taken from 
the notch on the back of the tibia-metatarsus joint (intertarsal joint) to the most distal 
point obtained by bending the toes to an angle of 90o to the tarsus (Pyle 1997). 
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FA analysis 
I followed Palmer and Strobeck’s (2003) recommendations for the analysis of FA data. I 
selected species with at least 15 captures in at least two fragment size categories for a 
total of 19 species (Table 4.1). A first look at the data evidenced a systematic bias in the 
measurements of the two sides of the tarsi; on average, the right tarsi was larger than 
the left tarsi in all species. Because of this, I corrected my data to account for this bias 
that could confound my analysis of FA. For each species, I calculated the average of 
the right (Ri) and left (Li) tarsi measurements, and found the difference between both 
sides. I then subtracted this difference from the right side mean and calculated the 
signed (Ri – Li) and unsigned (ІRi – LiІ) asymmetries for each individual using these 
corrected values.      
I then used the following procedure to ensure the data had no errors that could 
confound my results. First, I inspected raw measurements by examining a scatterplot of 
the difference of repeated measures on each side (R1-R2 vs L1-L2) to identify any 
irregular measurements. I used Grubb’s test statistic to evaluate the statistical 
significance of any outliers identified in this step and removed them from the sample if 
significant. Second, I inspected data for any aberrant individuals in trait size by plotting 
the mean left (Li) and right (Ri) measurements. I did the same for the unsigned 
asymmetry values, and used Grubb’s test to verify whether the outliers identified (if any) 
were more deviant than expected due to sampling error. All the significant outliers were 
removed from the sample before continuing the analysis. Third, I used a two-way mixed 
model analysis of variance with side as a fixed effect and individual as a random effect, 
to test whether the asymmetry observed was significantly greater than the 
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measurement error (ME, significance of the interaction term), as well as to inspect the 
data for DA (significance of side term). In the cases where DA was present, I compared 
the mean FA (mean Ri - Li) for the species against a different measure of FA (FA4a = 
0.798 √Var(R − L)) (Palmer & Strobeck 2003). If mean FA was smaller than FA4a, then 
the predisposition towards one side was less than the average deviation about FA and 
analysis of FA could be continued. If mean FA was larger than FA4a, then no further 
analyses of FA were done because they were not valid (FA is artificially inflated by DA) 
(Palmer & Strobeck 2003). Fourth, I assessed whether ME was comparable among the 
different fragment and year categories by using a Levene’s test for heterogeneity of 
variance with ME ((R1-R2) – (L1-L2)) as the dependent variable. If the test was 
significant, a different estimate of FA that includes ME in the calculation was used for 
subsequent analysis (FA4a see above). Fifth, I looked at the relationship between trait 
size and FA to determine whether a size correction was needed. I examined a 
scatterplot of mean trait size ((Ri + Li)/2) versus unsigned asymmetry, and I also ran 
Spearman’s correlation test between the two variables. Finally, I inspected the 
distribution of the signed asymmetry to see whether it exhibited ideal FA (normally 
distributed with mean of zero). I did this by using Kolmogorov-Smirnov tests for 
normality, and one sample t-tests for deviation from a zero mean, as well as looked at 
the kurtosis, skewness, and frequency distribution of the signed asymmetry data for 
each species. I also used data from birds that were captured more than once to 
estimate the repeatability of the measurements. I calculated intra-class correlation 
coefficients for every measurement taken from each bird at the time of capture (wing 
length, body mass, right tarsus 1, right tarsus 2, left tarsus 1, left tarsus 2). 
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Hypothesis testing 
Measurements in 2015 were collected by a different bird bander, therefore I only 
included data from this year for 9 species for which at least 10 birds were captured, to 
minimize measurement error that could confound the estimation of FA. Because FA 
data is very sensitive to measurement error, I used Levene’s tests for each species to 
see if my measurements were different from the measurements taken in 2015, or if for 
some reason my own measurements differed between 2013 and 2014 (because of 
experience on measurement reliability or other reasons). Since none of the tests were 
significant, I did not include a year effect in subsequent analyses.  
Because individuals in better physical condition may be less susceptible to suffer 
the consequences of developmental instability, I included a body condition index to the 
analysis of FA. I calculated a scaled body mass index (SMI) for each bird, using log-
transformed body mass and wing length combined in a standardized major axis 
regression (see Peig and Green 2009 for details). This index is based on the central 
principle of scaling and serves as a good indicator of the relative size of energy 
reserves of a given individual, presenting a better estimate of condition than just body 
mass (Peig & Green 2009).  
To test for differences in FA among fragments I used an analysis of covariance 
with the unsigned asymmetry as the dependent variable, fragment size as a fixed effect, 
and SMI as a covariate, for each species separately. I first ran a full model with the 
fragment size and SMI interaction, and if this term was not significant I removed it. I also 
repeated the analysis with data from all species together. Since the correlation between 
unsigned asymmetry and mean trait size was not significant, I used the unsigned 
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asymmetry as the dependent variable in this analysis. Also, instead of SMI I used the 
residuals of a linear regression of SMI on wing length, and I included species as a block 
to account for any variation among them. Lastly, for each species I selected the 
individuals in the lowest 10% tail of the SMI variable to explore the possibility of 
increased asymmetry in birds in the poorest physical condition. In this analysis, I also 
used the unsigned asymmetry as the dependent variable (no size correction needed) 
and pooled fragments of equivalent size for the analysis of covariance. Analyses were 
performed in both SAS and R; tests were considered significant below the 0.05 alpha 
level.  
RESULTS 
I evaluated data for 1,304 bird captures from 19 species. For each species, I removed 
between zero and 6 outliers; final sample sizes are shown in Table 4.1. Intraclass 
correlation coefficients for tarsi, wing, and weight measurements were all greater than 
96%, indicating high repeatability in the measurements. This result was also supported 
by the significance of the individual-side interaction term in the two-way analysis of 
variance for each species (all P < 0.05), an indication of the observed asymmetry being 
larger than ME. Error variance had varied contribution to the observed asymmetry in 
each species, ranging from 6.8 to 73.6%.  
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Table 4.1. Final sample sizes and distribution characteristics of the unsigned asymmetry 
(lRi - Lil) per species after outliers were removed.   
Species 
Final  
n 
DA Normal Kurtosis Skewness 
Thamnophilus murinus 19 No Yes 0.97 -0.37 
Thamnomanes ardesiacus 26 No Yes 1.25 -0.80 
Thamnomanes caesius  35 No Yes -0.54 0.33 
Myrmotherula axillaris 13 No Yes -0.42 0.60 
Hypocnemis cantator 45 No No -0.11 0.62 
Percnostola rufifrons 79 No Yes -0.23 -0.11 
Pithys albifrons 135 No No 3.51 -0.29 
Gymnopithys rufigula 41 No Yes -0.48 -0.25 
Willisornis poecilinotus*  42 No Yes 1.62 -0.57 
Glyphorynchus spirurus 229 No No 0.30 -0.27 
Xiphorhynchus pardalotus 50 Yes Yes 0.60 -0.03 
Mionectes macconnelli 114 No No 0.22 0.22 
Platyrinchus coronatus 17 No Yes -0.16 0.50 
Myiobius barbatus 23 No Yes -0.88 -0.30 
Manacus manacus 33 No Yes -0.55 0.57 
Dixiphia pipra 239 No No 0.37 0.08 
Ceratopipra erythrocephala 63 No Yes 0.33 -0.25 
Turdus albicollis 33 No Yes -0.33 -0.01 
Tachyphonus surinamus 22 No Yes -0.44 -0.34 
All species 1256 No  No 0.39 -0.01 
(*) showed heterogenous ME among fragments, therefore a different FA 
estimate was used in subsequent analysis. 
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The distribution of the signed asymmetry departed from normality in four species: 
H. cantator, P. albifrons, G. spirurus, and M. macconelli (Table 4.1). Inspection of 
frequency distributions (Fig. 4.1) and probability density functions of the signed 
asymmetry (Fig. 4.2) revealed the presence of a second peak in H. cantator, and highly 
leptokurtic distribution in the asymmetries of P. albifrons. Only X. pardalotus showed 
directional asymmetry (DA) as evidenced by the significance of the side effect in the 
two-way mixed model analysis of variance, and the significant t-test against a mean of 
zero (P < 0.05). All other species showed ideal FA (normal distribution with zero mean) 
after the right side correction was applied. Levene’s tests for heterogeneity in ME 
among fragments was only significant for W. poecilinotus, therefore a different estimate 
of FA that included ME (FA4a) was used in subsequent analyses for this species. 
Based on the results of Spearman’s correlation tests between mean trait size and 
unsigned asymmetry, there was no evidence indicating a dependence of FA on trait size 
for any of the species or for the data from all species together (P > 0.05), therefore 
uncorrected asymmetry estimates were used in the hypothesis testing analysis.  
The interaction term in the analyses of covariance for each individual species 
was never significant (P > 0.05). After this term was dropped from the models, there 
were no fragment size treatment effects on asymmetry values. When data from all 
species were pooled together, the unsigned asymmetry was larger in the 100 ha 
fragments (Fig. 4.3), however the analysis of covariance did not identify any significant 
fragment effect. Similarly, the analysis of data from species in the lower 10% of SMI 
found no significant fragment size treatment effect on the unsigned asymmetry of the 
birds.   
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Figure 4.1. Frequency distributions of the signed asymmetry of tarsus length in 
Amazonian understory bird species in forest fragments at the Biological Dynamics of 
Forest Fragments Project. 
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Figure 4.2. Probability density functions of the signed asymmetry of tarsus length for 
species with non-normal distributions. a) H. cantator, b) P. albifrons, c) G. spirurus, d) 
M. macconnelli, e) D. pipra, f) all species together.   
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Figure 4.3. Unsigned asymmetry (mean ± SE) of tarsus length of Amazonian understory 
bird species in forest fragments at the Biological Dynamics of Forest Fragments Project. 
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DISCUSSION 
I analyzed data of FA of tarsi length with the aim of understanding the consequences of 
fragmentation, as a source of environmental stress, on the developmental stability of 
birds at the BDFFP. My results showed that depending on the species, FA increased, 
decreased, or did not vary with fragment size. The analysis that included data from all 
species, although non-significant, showed higher asymmetry in birds living in the largest 
fragments analyzed (100 ha). These results do not support my initial predictions of 
increased asymmetry in smaller-sized fragments, as well as with previous research that 
has taken a similar approach, studying the consequences of fragmentation on 
developmental stability of birds. Multiple reasons might have been the cause of the 
results I obtained.  
For instance, it is possible that fragmentation in my study area is not a significant 
cause of stress in these birds, at least not capable of altering development. Although 
fragmentation is present at the BDFFP, and its consequences in abundance, 
movement, social structure, physiological condition among others have been evidenced 
through time (Stouffer & Bierregaard 1995; Stouffer et al. 2006; Powell, Stouffer & 
Johnson 2013; Mokross et al. 2014), the general landscape remains highly forested. 
Forest fragments are separated from vast tracks of continuous forest by as little as 80 
meters. Additionally, the matrix is composed mostly of regenerating second-growth 
forest of about 30 years (by the time FA data was collected), and fragments are 
protected from other ancillary threats that usually go along with fragmentation in human-
dominated landscapes such as logging, fire, and hunting (Laurance et al. 2011).  
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Because FA is the result of opposite forces (developmental stability vs. 
developmental noise), it has been hypothesized that overall, the relationship between 
asymmetry and stability is more reliable under high than under low levels of 
environmental stress (Lens et al. 2002). This is due to the fact that under stressful 
situations, “low-quality” individuals have more difficulties allocating resources to 
maintain stability and therefore become unmasked by their higher levels of asymmetry 
(Lens et al. 2002). On the other hand, under low stress, even if an organism suffers 
from high developmental noise, such noise can be corrected by high levels of 
developmental stability, ultimately resulting in low observed FA values. Based on 
temperature experiments, Parsons (1992) suggested that increased asymmetry would 
only be expected under severe stress, the kind of conditions encountered in marginal or 
severely disturbed habitats (Lens et al. 1999). Therefore, it is possible that the relatively 
benign landscape at the BDFFP (at least at the time of data collection, see below) does 
not represent a severe source of stress, at least not enough to significantly disrupt 
developmental stability. Although, it is important to remember that the landscape is 
already filtering the most sensitive forest birds, therefore fragmentation may not be a 
significant cause altering development in species that can persist in fragments, which 
are the ones included in this study.       
In 2013, the fragments were surrounded by borders about 12 years-old and 
matrix vegetation at the time was around 30 years-old. Powell, Stouffer and Johnson 
(2013) estimated the age of the vegetation at the interface between primary and 
second-growth forests at which avian movement would recovery to pre-isolation rates to 
be between 13 to 34 years. Additionally, my data of feather growth rate show that, for 
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most species, once border vegetation has matured, the nutritional condition of birds 
living inside fragments is the same irrespective of fragment size (see chapter 3). 
Therefore, it is possible that by 2013 fragments were not perceived as low quality 
habitat by most birds, and no consequences of environmental stress on developmental 
stability existed. In 2014, before sampling occurred, the fragments were re-isolated as 
part of maintenance procedures at the BDFFP. Effects of re-isolation have been 
evidenced in the past (Lovejoy et al. 1986; Stouffer & Bierregaard 1995; Stouffer et al. 
2006; Ferraz et al. 2007), and edge effects are pervasive especially in smaller 
fragments (Murcia 1995; Gascon, Williamson & Gustavo 2000). However, it is possible 
that most of the birds sampled that year were already fully-developed by the time of 
data collection, therefore any asymmetry in tarsus length found in these birds could not 
be attributed to this re-isolation event. By 2015 some new birds might have been born 
and developed in the fragments, but because capture rates were low, data from this 
year were only added for species in which more than 10 birds were measured, lowering 
my ability to detect differences in FA among fragments due to re-isolation.  
Additionally, studies that have explored effects of fragmentation on FA levels in 
birds have always used at least one reference site to compare against. Unfortunately, I 
only had data from birds living in forest fragments. It is possible that birds living in 
continuous forest at my study site have lower asymmetry levels compared to birds in the 
fragments. Cuervo and Restrepo (2007), compared asymmetry levels in birds from 
continuous forest (> 1000 ha), medium (70 – 110 ha), and small (8 – 20 ha) fragments 
in the Andes of Colombia, and found that asymmetry was lower in continuous forest and 
highest in small and medium fragments. The largest fragment size category at the 
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BDFFP is only 100 ha, therefore it is possible that the range of variation in my fragment 
sizes (1 – 100 ha) is not large enough to allow me to detect differences among them. 
Similar results were found by Anciaes and Marini (2000), studying FA levels in 
fragments in the Atlantic forest of Brazil, ranging from 15 to 350 ha, versus continuous 
forest sites (2,180 – 70,000 ha), as well as by Lens et al. (1999) comparing FA levels in 
fragments within a disturbance gradient ranging from 50 (more disturbed) to 200 ha 
(less disturbed) in south-eastern Kenia.   
Another important consideration that could account for the fact that I did not find 
any significant differences in FA levels among the different fragments is that based on 
previous findings it has been suggested that FA is trait-, stress-, and organism-specific 
(Lens et al. 2002). For studies of FA, the trait of choice is of great importance; traits that 
exhibit phenotypic plasticity and that are vulnerable to wear are usually not 
recommended for this kind of analysis (Palmer & Strobeck 2003). Also, evidence 
suggest that traits with high functional value may be subjected to strong stabilizing 
selection because of the significant fitness losses associated with deviations from the 
expected phenotypes (Palmer 1994; Clarke 1995; Vangestel & Lens 2011). Tarsus 
length has been identified as one of the best traits to measure FA in birds because of 
the high measurement repeatability and its ability to reflect organism-wide asymmetry 
across species accurately (Lens & van Dongen 1999). However, since tarsi play such 
an important role in locomotion and foraging in birds, it is possible that this structure 
might be highly regulated during development to reduce any significant consequences 
of asymmetry in this trait. Additionally, as discussed below, it is recommended that, 
since the tarsus development occurs in the nest, measures of FA in this trait be coupled 
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with information from other traits that develop later, as well as with indicators of 
individual quality that reflect more recent environmental conditions such as 
ptilochronology (Lens & Eggermont 2008).  
It is also important to consider the fact that birds move through the landscape. 
Because of juvenile dispersal after fledging, FA levels from traits developed in the nest 
become uncoupled after dispersal (Vangestel & Lens 2011). At my study site, only few 
species can persist in the smallest fragments as local breeding populations, whereas 
most species only occur in these fragments due to dispersal of juvenile birds from other 
habitats (Johnson 2011). Therefore, it is possible that at least some of the birds I 
examined in this study grew their tarsi in a different habitat from the one it was caught, 
hampering my ability to detect differences in their asymmetry levels. Similarly, if 
fragmentation significantly alters conditions to the point of affecting survival, it is 
possible that low quality (and more asymmetrical) nestlings had suffered from increased 
mortality, which would ultimately result in a higher proportion of more symmetrical 
individuals surviving to maturity.  
Finally, because descriptors of FA estimate a variance and not a mean, it is 
recommended that researches use more than one trait in studies of FA. Fluctuating 
asymmetry estimates based on a single trait yield limited information about the 
developmental stability of an organism because the difference between sides estimates 
the variance (FA) with only one degree of freedom (Palmer 1994). In theory, using 
multiple traits when studying FA is beneficial since each trait provides an independent 
estimate of FA, which adds more power to the analysis, and increases the ability to 
detect differences among individuals (Palmer & Strobeck 2003). In practice however, 
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organism-wide asymmetry is almost never detected, even in traits that are 
developmentally correlated (Lens et al. 2002). Therefore, even though FA in one trait is 
almost never correlated with FA in a different trait in the same individual, my power to 
detect asymmetry patterns using a single trait was quite limited.             
I used SMI as an index of body condition and found no differences in this variable 
among fragments, even after the re-isolation events in 2014 and 2015. However, when I 
evaluated feather growth rates as an index of nutritional condition, I found significant 
differences in birds from the different fragments, especially when the borders around 
fragments were young (see chapter 3). This suggests that SMI is perhaps not the best 
index of body condition, and that had I combined information of FA with feather growth 
rate in these birds as recommended by Lens and Eggermont (2008), I could have had a 
better understanding of the relationship between individual quality and asymmetry. 
Unlike tarsi, feathers are replaced every year, and can therefore provide a better 
estimate of recent environmental conditions, as well as be less biased by natal dispersal 
events or differential survival in the nest.    
It is therefore difficult to decide at this time whether my inability to find differences 
in FA levels among the fragments is due to a failure of the technique itself, as has been 
previously proposed (Leung & Forbes 1996; Polo & Carrascal 1999; Bjorksten, Fowler & 
Pomiankowski 2000; Vangestel & Lens 2011), or to a lack of appropriate data to answer 
the question. It is also possible that the landscape at the BDFFP has regenerated 
enough to the point of not being a significant cause of stress for the species analyzed in 
this study. I strongly recommend the use of feather growth rate data in studies of 
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asymmetry, since it can help better understand the relationship between asymmetry and 
individual quality.  
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CHAPTER 5: NUTRITIONAL CONDITION OF UNDERSTORY BIRDS IN SECOND-
GROWTH FORESTS IN CENTRAL AMAZON 
 
INTRODUCTION 
The Amazon rainforest is one of the most biodiverse biomes of the planet, being home 
to around 10% of the world’s species. Although relatively untouched until the 1970s, 
deforestation in the Amazon has been a major threat in the last decades, with 3-4 
million ha being lost every year (Laurance & Vasconcelos 2009). The causes of 
deforestation in the Amazon are several, including large-scale cattle ranching, industrial 
agriculture, slash-and-burn farming, and logging (Laurance & Vasconcelos 2009). 
Because of the drastic changes in forest cover and structure caused by deforestation, 
the quantity and quality of undisturbed forest habitat available to forest species has 
become increasingly rare. Therefore, determining what types of habitats within human-
modified landscapes are of greatest importance to the native wildlife emerges as a 
priority in the field of conservation biology (Smith, Ortiz & Robertson 2001). 
 Although global deforestation rates remain high, forest cover has increased in the 
past decades with new forests regenerating where land is abandoned (Chazdon 2008). 
Tropical second-growth forests have reclaimed one-sixth of all primary forests that were 
clear-cut during the 1990s (Wright 2005), and now comprise as much as 60% of the 
world’s remaining tropical forests, with 42 countries reporting a greater area of 
degraded forest than that of primary forest (FAO 2006). It has been estimated that in the 
Brazilian Amazon, about 30% of deforested areas are abandoned, resulting in 
considerable increases of second-growth forest cover (Barlow et al. 2007). These 
trends of expansion of second-growth forests provide great opportunities for 
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conservation, however the conservation value and capacity of long-term maintenance of 
ecological processes of second-growth forests to forest biota are still poorly understood 
and strongly debated (Brook et al. 2006; Wright & Muller-Landau 2006a; Wright & 
Muller-Landau 2006b; Gardner et al. 2007; Laurance 2007).  
The majority of studies that have compared primary and second-growth forests 
have shown an overall positive value of the latter, especially after a few decades of 
regeneration (Dunn 2004b; Chazdon et al. 2009; Dent & Wright 2009). Additionally, 
more studies have reported similar or higher levels of species richness in second-
growth forests than have reported reductions, and all studies looking at community 
similarity between older second-growth forests and neighboring primary forest have 
reported high similarity levels (Dunn 2004a; Barlow et al. 2007; Chazdon et al. 2009; 
Dent & Wright 2009; Dent 2010; Sberze, Cohn-Haft & Ferraz 2010). Although primary 
forests are irreplaceable habitat for the species that inhabit them, an important subset of 
these species are able to occupy and persist in a range of forest types and disturbance 
regimes (Chazdon et al. 2009). For example, research at the BDFFP study area has 
shown that as second-growth forests mature they stop being a barrier to avian 
movement and dispersal (Powell, Stouffer & Johnson 2013). Older second-growth (~25 
years old) forests also sustain stable populations of a variety of species (Wolfe 2014), 
and more cohesive mixed-species flocks than younger second-growth (Mokross et al. 
2014). All of this provides powerful evidence of the importance of second-growth forests 
for understory birds in central Amazon.  
Biomarkers represent another useful approach to understanding the ecological 
value of second-growth forests to understory birds. Food availability is an important 
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factor determining occupancy by a given species, and vegetation structure, primary 
productivity, and microclimatic conditions in a given habitat have the potential to directly 
or indirectly alter food availability for forest birds (Fetcher, Oberbauer & Strain 1985; Uhl 
& Kauffman 1990; Stratford & Stouffer 2013). For instance, Stratford and Stouffer 
(2013) concluded that microhabitat differences, mainly leaf-litter depth and tree density, 
make young second-growth forests unsuitable for terrestrial insectivore species. 
However, this guild includes the most sensitive species at my study site, with most 
species being absent from even the oldest second-growth forests at the BDFFP. For 
less sensitive species that can persist in second-growth forests, altered vegetation and 
microclimatic conditions in this habitat still have the potential to change food availability, 
with significant consequences in survival and fitness.  
Biomarkers can provide information about the quality of individuals dwelling in 
second-growth forests, which in turn can be translated into the quality of second-growth 
forests as habitat for birds. Ptilochronology, the measure of growth bars from feathers, 
provides a day-by-day record of the nutritional condition of birds during the period of 
feather growth (Grubb 1989). Previous research has shown that birds living in high-
quality habitats have wider growth bars than birds in poorer environments, indicating 
that they grow their feathers faster (Yosef & Grubb 1992; Grubb & Yosef 1994; Carlson 
1998; Strong & Sherry 2000; Stratford & Stouffer 2001; Brown, Strong & Stouffer 2002; 
Schaefer et al. 2004). My goal for this chapter is to assess the suitability of second-
growth forests at the BDFFP for Amazonian understory birds, using feather growth rate 
as an indicator of nutritional condition. If as evidenced by previous research, second-
growth forests represent good quality habitat for understory birds, then I expect to find 
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similar rates of feather growth in birds living in these habitats, compared to birds from 
primary forest.  
METHODS 
For this chapter I used feathers collected in continuous forest and 25-year-old second-
growth forest at the BDFFP study area. Six transects were sampled in second-growth 
forest and 12 in continuous forest sites, always using a single line of 16 end-to-end 
mist-nets (NEBBA type ATX, 36-mm mesh, 12×2 m), with the bottom of the nets at 
ground level; following the protocol established at the BDFFP. Each transect was 
sampled for one day at the time, starting at 0600 until 1400 hours. All birds captured 
(excluding hummingbirds) were marked with a uniquely numbered metal band and the 
outermost right rectrix (R6) was collected and placed in individual paper envelopes. 
Feathers that were still growing were pulled if a minimum of ten consecutive growth 
bars were visible.  
Following Grubb (1989), I calculated the daily growth rate (in mm/day) in each R6 
feather collected by marking the length of feather occupied by ten growth bars on an 
index card. After removing the feather from the card, I measured the total length using a 
digital caliper (0.01 mm resolution) and obtained a mean daily growth rate for each 
individual bird, by dividing the total length by ten (or the total number of bars measured). 
In order to increase the accuracy of this measurement, I repeated the process three 
times per feather; the final estimated daily growth rate is an average of the three 
measurements.  
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The continuous forest sample contains feathers collected from 1991 to 2012, 
whereas the second-growth feathers were collected in 2011 and 2012 only. I selected 
eight species from which sufficient feathers (n > 5) from each forest type were available 
(Table 5.1). To examine the influence of forest type on the nutritional condition of birds, I 
conducted an analysis of variance, with feather growth rate as the response variable, 
forest type as a fixed factor, and species included as random effects. The analysis was 
performed in SAS and tests were consider significant below the 0.05 alpha level. 
RESULTS 
The analysis of variance examining feather growth rate as a function of forest type 
indicated a significant difference between the two forests after accounting for species 
differences; feather growth rate was higher in second-growth forests relative to 
continuous forest sites (Table 5.2). These results are evident looking at data for each 
species; five of the species included in this analysis (both insectivores and frugivores) 
had a higher rate of feather growth in second-growth forests than in continuous forest, 
with one additional species showing no differences between the two types of forest (Fig. 
5.1).  
DISCUSSION 
I analyzed feather growth rate data in eight species of understory birds captured in 25 
year-old second-growth forest and continuous forest sites at the BDFFP. My analysis 
showed that feather growth rate was significantly higher in second-growth forests, 
providing evidence of the conservation potential of this type of forest to the avifauna at 
my study site. However, it is important to remember that the species included in this 
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Table 5.1. Mean values, standard error, and sample size of daily feather growth rate in 
Amazonian understory bird species in second-growth and continuous forests at the 
Biological Dynamics of Forest Fragments Project.    
Species 
Trophic 
guild 
Second-growth  
forest 
Continuous  
forest 
Thamnomanes ardesiacus Insectivore 1.82 ± 0.03 (6) 1.79 ± 0.01 (56) 
Hypocnemis cantator Insectivore 1.32 ± 0.06 (8) 1.39 ± 0.02 (50) 
Percnostola rufifrons Insectivore 1.89 ± 0.11 (5) 1.84 ± 0.02 (51) 
Pithys albifrons Insectivore 1.64 ± 0.03 (27) 1.55 ± 0.01 (93) 
Willisornis poecilinotus Insectivore 1.64 ± 0.06 (8) 1.66 ± 0.01 (102) 
Glyphorynchus spirurus Insectivore 1.89 ± 0.02 (20) 1.83 ± 0.01 (87) 
Dixiphia pipra Frugivore 1.49 ± 0.02 (28) 1.46 ± 0.01 (90) 
Turdus albicollis Frugivore 3.34 ± 0.13 (5) 3.34 ± 0.03 (33) 
 
 
Table 5.2. Parameter estimates and confidence intervals for daily feather growth rate as 
a function of forest type in Amazonian understory bird species at the Biological 
Dynamics of Forest Fragments Project.  
Effect Estimate 
Standard 
error 
df 
t 
value 
Pr > |t| 
Conf. interval 
2.5%      97.5% 
Intercept 1.895 0.220 7 8.62 <.0001 1.402 2.314 
Frag SG 0.037 0.014 660 2.63 0.0087 0.009 0.065 
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Figure 5.1. Mean feather daily growth rate (mean ± 95% confidence intervals) for 
Amazonian understory bird species in second-growth and continuous forest sites at the 
Biological Dynamics of Forest Fragments Project.  
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analysis are commonly captured in older second-growth forests, and therefore my 
results should not be extrapolated to species with higher sensitivity to habitat 
perturbation that seldom occur in second-growth forests. In spite of this, the fact that 
feather growth rate was not reduced in second-growth forests encourages the 
management and protection of this important landscape feature for the conservation of 
tropical forest biota in the future.  
The species included in this analysis have been identified by previous research 
as having different sensitivities to fragmentation and landscape change (Stouffer & 
Bierregaard 1995b; Stouffer et al. 2006; Powell, Stouffer & Johnson 2013). Particularly, 
flock-obligates (T. ardesiacus), ant followers (P. albifrons), and arboreal insectivores 
(W. poecilinotus) have been shown to be more sensitive than flock dropouts (G. 
spirurus), core frugivores (D. pipra), and gap specialists (H. cantator, P. rufifrons). 
Additionally, although a frugivore, T. albicollis seems to be relatively restricted to mature 
forest (Bierregaard Jr. & Stouffer 1997). Based on these sensitivities, I expected to see 
differential responses in the nutritional condition of each species. Instead, only one 
sensitive species, W. poecilinotus, had lower feather growth rate in second-growth 
forests, with one additional less sensitive species, H. cantator, showing the same 
response. When estimating survival and population growth rates for these species (H. 
cantator and T.albicollis not included) in 25 year-old second-growth forests at the 
BDFFP area, Wolfe (2014) found no indication of birds doing poorly in second-growth 
compared to continuous forest. My results support this finding, adding evidence on the 
ecological value of older second-growth forests for birds at my study site.  
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Additionally, the response in feather growth rate was similar for both trophic 
guilds, suggesting that food availability for insectivores is not affected in second-growth 
forests. Fruit and flowers have been shown to be more abundant in regenerating forests 
because of the open canopy and increased light levels, which contributes to the higher 
abundance of frugivores and nectarivores found in these forests (Blake & Loiselle 1991; 
Stouffer & Bierregaard 1995a; Blake & Loiselle 2001). However, insectivores respond 
differently to changes in the landscape (Stouffer & Bierregaard 1995b), and it was 
initially proposed that their responses were primarily driven by reduced prey availability 
(Sekercioglu et al. 2002). Stratford and Stouffer (2013) found that microhabitat 
associations were the most probable reasons to explain absence of terrestrial 
insectivores from young second-growth forests. Although they did not measure prey 
availability, it seems like structural conditions, and not lack of resources, are keeping 
these birds away from 10-15 years old second-growth. Sekercioglu et al. (2002) found 
no differences in invertebrate communities or avian diets between small and large 
fragments. This result led them to conclude that bird sensitivity to fragmentation and 
landscape change is driven not by resources, but by the ability of different birds to use 
and disperse through the matrix. My results show a similar trend, with no differential 
response in nutritional condition between insectivores and frugivores, suggesting that 
food availability is not reduced in second-growth compared to continuous forest sites. 
This adds evidence on the ecological value of second-growth forests, not only to buffer 
some of the detrimental effects of fragmentation, or to allow recolonization of previously 
isolated fragments, but as good-quality habitat to support many of the same species 
found in continuous forest.        
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 The potential for second-growth forests to sustain tropical forest has been the 
subject of heated debate in the recent past. Wright and Muller-Landau (2006a) analyzed 
current and future human population growth in 45 tropical countries and its relationship 
with remaining forest cover in the same countries. Their analysis suggested that as 
human population growth slows and urbanization increases, rural populations (which 
have the greatest impacts on forests) will move away from forests, slowing deforestation 
and allowing for natural forest regeneration to occur in former agricultural lands, 
preventing the anticipated mass extinction of tropical forest biota. However, this 
prediction is based on the assumption that second-growth forests can provide an 
adequate replacement for the loss of primary forest. 
 Recent meta-analyses have shown that the ecological value of second-growth 
forests is high, however spatial and temporal landscape dynamics play an important 
role in its recovery (Dunn 2004b; Chazdon et al. 2009; Dent & Wright 2009). Overall, the 
ecological value of second-growth forests increases over time, with species richness 
resembling that of primary forests within 20-40 years after abandonment; although 
species composition seems to take considerably longer (Dunn 2004b). Moreover, 
similarity between second-growth and primary forests is increased in places with low 
intensity land-uses, and where primary forests are abundant and near (Chazdon et al. 
2009; Dent & Wright 2009).    
 The importance of second-growth forests and the consequences of land-use 
history at the BDFFP have been evidenced to influence dynamics inside the fragments 
in many instances. As early as 9 years after fragment isolation, the importance of 
second-growth vegetation in the matrix surrounding the fragments was clear; understory 
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bird communities in 10 ha fragments surrounded by Cecropia vegetation (see chapter 1 
for details) resembled pre-isolation communities, and many sensitive species that 
disappeared after isolation returned to fragments by moving through this type of 
second-growth (Stouffer & Bierregaard 1995b). Using an information-theoretic 
approach, Stouffer et al. (2006) found that second-growth vegetation in the borders and 
the matrix surrounding the fragments was as important as fragment size for explaining 
bird abundance inside the fragments. Avian movement across the interface of primary 
and second-growth forest recovered to pre-isolation levels 13 to 34 years after land 
abandonment for 9 of 10 guilds studied (Powell, Stouffer & Johnson 2013). Additionally, 
when comparing survival and population growth estimates of seven species in 25 year-
old second-growth and primary forests, Wolfe (2014) found that although the estimates 
were higher in primary forest for some species, they all showed stable population 
growth and survival in both habitats.    
 Evidently the ecological value of second-growth forests is context dependent, 
and the BDFFP is clearly a best-case scenario. The capacity of plant communities to 
regenerate back (which animal communities follow) depends on the intensity of land-
use history, the extent of soil degradation, and the remnant vegetation at a given site 
(Chazdon 2003; Chazdon et al. 2009). For example, intensive agriculture and repeated 
slash-and-burn practices deplete soil nutrients and eliminate seed banks needed for 
regeneration (Chazdon 2003). Many species of tropical trees completely depend on 
seed-dispersing fauna, usually large vertebrates, therefore proximity and connectivity to 
primary forest patches are essential (Chazdon 2003). It is evident therefore that the 
landscape matrix plays a critical role in local recovery processes, and the BDFFP 
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landscape fulfills all the necessary conditions for successful and rapid regeneration: 
low-intensity uses and restricted human practices (hunting, logging, fires), as well as 
proximity to vast areas of primary with mostly intact faunas. Therefore, my results are 
probably a reflection of these conditions and may not be comparable to many second-
growth forests of the same age that have recovered in the absence of favorable 
conditions.        
  Although it has been established that there is no substitute for primary forests for 
maintaining tropical biodiversity (Gibson et al. 2011), these forests will continue to 
disappear and the few remnants that survive will not be spared from anthropogenic 
disturbances (Laurance, Sayer & Cassman 2014). Moreover, many countries have 
already lost most of their primary vegetation, and degraded and second-growth forests 
now comprise as much as 60 percent of the world’s remaining tropical forests (FAO 
2006). Although my results are limited to a few species that can persist in older second-
growth forests, they reinforce the potential of these regenerating forests in supporting 
conservation of tropical forest biota. Additionally, second-growth forests are not only 
important for proving habitat and resources, but also play a crucial role as buffers and 
corridors connecting otherwise isolated forest fragments. While climate change is 
predicted to have a much larger effect on birds in the temperate zones, land conversion 
(deforestation and agricultural expansion) will have a much larger effect on tropical 
species (Jetz, Wilcove & Dobson 2007). Therefore, connectivity among habitat patches 
will become extremely necessary in the tropics and the importance of second-growth 
forests on this cannot be any more evident.   
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The Amazon rainforest with its invaluable biodiversity is facing high rates of 
deforestation, and these second-growth forests are becoming a dominant and important 
feature in the landscape. There is an urgent need to evaluate how appropriate these 
habitats are for the different species that live in them in order to develop proper 
conservation plans. Hopefully my results will contribute to the growing body of literature 
on the ecological value of second-growth forests and their important role in the future 
conservation of tropical forest species.  
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CHAPTER 6: LIGHT MATTERS: TESTING THE “LIGHT ENVIRONMENT 
HYPOTHESIS” UNDER INTRA- AND INTERSPECIFIC CONTEXTS1 
 
INTRODUCTION 
Birds are highly visual animals; consequently plumage color plays an important role in 
their communication and social signaling. Because of this, trying to understand the 
origins and maintenance of such color diversity has been an important theme in 
evolutionary biology and ecology (Hill & McGraw 2006b). Several hypotheses have 
been proposed to explain both intra- and interspecific variation of color in birds. For 
instance, sexual selection has been widely accepted as an explanation for the function 
and evolution of morphological differences between males and females (Cuthill et al. 
1999), with sexually dichromatic species often assumed to have evolved from 
monochromatic ancestors by means of sexual selection for trait elaboration (Andersson 
1994). Natural selection has also been proposed to explain sexual dichromatism, in 
which differences between sexes are linked to differences in predation risk, favoring 
cryptic females over “showy” ones (Owens & Hartley 1998). For interspecific variation, 
species recognition and risk of hybridization have been suggested as possible 
explanations, however the “Light Environment Hypothesis” (LEH hereafter) has received 
more support (Marchetti 1993; McNaught & Owens 2002; Gomez & Thery 2004; Shultz 
& Burns 2013).  
                                                          
1 This chapter previously appeared as: 
Hernández-Palma, A. (2016) Light matters: testing the “Light Environment Hypothesis” 
under intra- and interspecific contexts. Ecology and Evolution, 6, 4018-4031. 
It is reprinted by permission of Angélica Hernández-Palma and Ecology and Evolution—
see the permission letter in Appendix C. 
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The LEH proposes that different species use different colors because they 
inhabit different light environments (Marchetti 1993). Thus, it can be used to predict 
what specific colors or levels of brightness would maximize (or minimize) contrast 
against the background, according to the amount of ambient light available in a 
particular habitat. Although originally proposed in the context of interspecific variation, 
this hypothesis can be used to explore intraspecific variation in relation to ambient light 
(Gomez & Thery 2004; Shultz & Burns 2013), because if ambient light has the potential 
to drive interspecific variation, a similar influence can be expected in relation to 
intraspecific recognition in birds living in different habitats.  
Since ambient light plays an important role in the evolution of color signals it is 
important to account for variations in it and its potential effects on the evolution of 
plumage coloration, whether it is by constraining the conspicuousness of colors used for 
intraspecific signaling, or the efficiency of cryptic coloration meant to prevent detection 
by predators (Hill & McGraw 2006a; Gomez & Thery 2007). Forests exhibit highly 
dynamic light environments (Endler 1993), primarily due to the fact that vegetation at 
different strata strongly reduces light intensity (Hill & McGraw 2006a). Canopy and 
understory contrast drastically, with the former receiving more light, having higher 
spatial light diversity, and being richer in blue and ultraviolet (UV) wavelengths. In 
contrast, the understory receives considerably less light which is poor in UV but rich in 
greenish to yellow-green wavelengths (Endler 1993). Such contrasted environments 
offer a great opportunity for testing hypotheses of plumage color evolution in relation to 
ambient light. If visual signals are optimized, color differences should exist among and 
within species inhabiting different light environments.  
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Avian vision is highly specialized. Birds typically have four receptors that allow 
them to capture reflectance in the UV and near-UV portion of the electromagnetic 
spectrum (Bennett & Cuthill 1994; Bowmaker et al. 1997; Hart, Partridge & Cuthill 1998; 
Cuthill et al. 2000). They also have specialized light-filtering oil droplets that narrow the 
spectral sensitivity of each cone, enhancing their color discriminatory capabilities 
(Bowmaker 1980; Bowmaker et al. 1997; Hart, Partridge & Cuthill 1998). Furthermore it 
has been well documented that birds, and vertebrates in general, possess mechanisms 
for color constancy, provided by means of the von Kries mechanism (von Kries 1905; 
Vorobyev et al. 2001; Stoddard & Prum 2008). Hence, despite environmental variation 
in ambient light spectral composition, bird visual capabilities should remain unaffected 
to a great extent (Stoddard & Prum 2008). However, recent studies investigating the 
influence of ambient light on the evolution of color signals in different groups have found 
significant associations between plumage coloration and habitat use (McNaught & 
Owens 2002; Gomez & Thery 2004; Gomez & Thery 2007; Shultz & Burns 2013). 
In this study, I describe and analyze the influence of ambient light on the 
evolution of plumage color signals in 33 Amazonian bird species of the infraorder 
Furnariides (families Formicariidae, Dendrocolaptidae, and Furnariidae) living in 
environments with different levels of ambient light. Specifically, I want to test the LEH 
under both intra- and interspecific contexts. All the species in this analysis share a 
general plumage pattern with very similar colors and no sexual dichromatism 
perceptible to humans. Taking advantage of our current understanding of the visual 
system and color perception mechanisms in birds, I analyze color in a quantitative way 
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which allows me to test the LEH in the context of color characteristics (including 
brightness).   
If ambient light influences intraspecific variation, then I expect to see differences 
in the extent and amount of dichromatism found in species living under different light 
conditions. If this is the case, then communication needs to be enhanced at low light 
levels, which will be translated into more pronounced differences between males and 
females, whether in frequency or magnitude. The opposite would be expected in 
environments with higher light levels, since light is not expected to constrain visual 
signals in these habitats. Furthermore, if these differences have a role in sex 
recognition, then they should be mainly expressed in patches that are more readily 
visible to conspecifics.  
With respect to interspecific variation, I expect birds signaling in the same light 
environment to have similar color characteristics. Support for the LEH will allow me to 
make predictions about the drivers of these differences. If differences are driven by 
sexual selection, then conspicuous signals that maximize contrast against the habitat 
background (vegetation) should be preferred. On the contrary, if natural selection is the 
driving force, color characteristics that enhance crypsis with the background should 
dominate the plumage of these birds. Given previous support for increased crypsis in 
other groups of birds, I predict that adaptation for crypsis should prevail. If this is the 
case, then measures of plumage color such as contrast, diversity, saturation, and 
brightness should be lower in birds living in low light environments. 
The infraorder Furnariides is a large clade of about 600 species, endemic to the 
Neotropical region, that encompasses a diverse array of morphologies and behaviors 
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(Moyle et al. 2009). The Furnariides have long been considered a cohesive evolutionary 
unit. All species in the group have a unique tracheophone syrinx, and monophyly of the 
group has been supported by molecular studies (Moyle et al. 2009). The clade shows 
an astonishing ecological diversity, occupying every terrestrial and water edge habitat in 
South America (Marantz et al. 2003; Remsen 2003). The ovenbirds (Furnariidae, 236 
species), a true continental radiation (Claramunt 2010), show a tremendous diversity in 
ecomorphological adaptations including some extreme cases of morphological 
specialization among passerines (Remsen 2003). Woodcreepers (Dendrocolaptidae, 52 
species), have advanced climbing adaptations to forage at all forest strata (Feduccia 
1973; Remsen 2003). Ground-antbirds (Formicariidae, 11 species), predominantly 
terrestrial forest birds with short wings and tails, are well adapted to feed on invertebrate 
prey near or on the ground (Krabbe & Schulenberg 2003). As mentioned earlier, a 
general plumage pattern is shared within the group. Almost all species are dull and 
sexually monochromatic to humans, with light brown to reddish-brown body plumage 
and various degrees of spotting or streaking on the breast and back, often with light 
throat patches (Feduccia 1973; Krabbe & Schulenberg 2003; Remsen 2003). The great 
diversity of habitats occupied by the Furnariides, coupled with the plumage pattern 
shared by the group, the predominance of sexually monochromatic species, and its 
well-known phylogeny, makes this clade ideal for testing hypotheses about the evolution 
of visual signals in relation to ambient light. 
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MATERIALS AND METHODS 
Species selection 
I selected 33 sexually monochromatic species (based on human standards of avian 
coloration) from the infraorder Furnariides (Fig. 6.1), living in Amazonian environments 
with different light levels, from the floor of dense terra firme forest to completely open 
habitats. This group is widely represented in Amazonian habitats as well as in the 
collection at the Louisiana State University Museum of Natural Science (LSUMNS), 
therefore I selected species from across the phylogeny based on availability of 
specimens at the LSUMNS. In order to evaluate the influence of ambient light on the 
evolution of plumage color signals, I classified species into three groups using 
information on preferred habitat and foraging strata from Stotz et al. (1996). Species 
from the floor of terra firme forest were included in the low light group. The intermediate 
light group consisted of species from the understory and mid-story of both terra firme 
and várzea forests. Finally, the high light group included species from the mid-story and 
canopy of terra firme forest, and from all strata of river-edge and second growth forests.   
Plumage color measurement  
I collected reflectance spectra using an Ocean Optics USB2000+ spectrometer with a 
PX-2 pulsed xenon lamp. For each species, I measured between 3 to 5 adult (ossified 
skull, no bursa) specimens of each sex, from the same locality and subspecies, when 
possible. I measured reflectance spectra from 5 to 10 plumage patches (> 4mm2), 
following designations widely used in the current ornithological literature: throat, breast, 
belly, crown, nape, back, rump, tail, wing coverts, and facial marks when present. Finely 
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barred, streaked, or mottled plumage patches were ignored consistent with 
recommendations from Eaton (2005). Reflectance spectra were measured three times 
per patch, therefore each reading is an average of three measurements per patch 
between 300 and 700 nm.  
 
 
Figure 6.1. Phylogeny of 33 monochromatic species from the infraorder Furnariides 
(adapted from Derryberry et al. 2011). Black, dark gray, and light gray refer to the 
amount of ambient light available in each species’ habitat: low, intermediate, high, 
respectively, following Stotz et al. (1996). 
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Spectral data analyses 
To evaluate potential differences between males and females of the same species I 
used the Vorobyev-Osorio (1998) model of color discrimination. This model calculates a 
distance in avian color space (S, expressed in jnd –just noticeable differences) 
between homologous male and female patches, using the quantum catches of each 
cone cell type in the avian retina and their corresponding noise-to-signal ratios. 
To assess the effect of ambient light in color discrimination between sexes, I ran 
the model twice using different parameters. In both cases I used the spectral sensitivity 
of the average avian UV system (Endler & Mielke 2005), an idealized homogenous 
background (white), a Weber fraction (wi) of 0.05 (for the most abundant cone type), 
and the cone densities of the Blue Tit (Cyanistes caeruleus). For the first set of models, 
I used ideal homogenous illuminance of 1 across all wavelengths (ideal model). For the 
second set of models, I used irradiance spectra appropriate to the ambient light 
experienced by each group, in order to explore the effects of varying levels of ambient 
encountered by species in their respective habitats (real model). I used forest shade 
irradiance for the low light group, standard daylight (D65) irradiance for the intermediate 
light group, and blue sky irradiance for the high light group. Even though the standard 
daylight irradiance has a higher total light intensity than the blue sky, I decided to use 
the latter one for the high light group because its intensity peaks in the UV region, 
similar to the forest canopy light environment (Fig. 6.2) (Endler 1993). Additionally, in 
order to understand the effect of ambient light spectra in the results obtained from the 
Vorobyev-Osorio model of color discrimination, I re-run the models for each species 
using all of the different irradiance spectra used for the other groups. Following Eaton 
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(2005), I defined a feather patch as dichromatic when S ≥ 1.0 and a species as 
dichromatic if it had at least one dichromatic feather patch. I also considered 
dichromatism under S ≥ 1.5 and 2.0 to investigate changes in dichromatism levels with 
more conservative thresholds. Lastly, I performed an analysis of variance with group as 
blocks, to explore potential differences in discrimination values (S) among groups and 
feather patches.  
 
 
Figure 6.2. Irradiance spectra used for the “real” model of color discrimination (see 
methods for details). Total irradiance (in the wavelength range 400-700 nm) for these 
illuminants are forest shade: 142.71, standard daylight: 275.87, blue sky: 249.10 μmol 
m-2 s-1 (data from Endler 1993).   
 
For the interspecific analysis, I used the tetrahedral color space model (Stoddard 
& Prum 2008), which provides a convenient, quantitative representation of bird color in 
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a straightforward way relevant to bird vision with few assumptions (Stoddard & Stevens 
2011). As with the model of color discrimination, I used the spectral sensitivity of the 
average avian UV system to calculate relative quantum catches, and ideal homogenous 
background and illuminance. I calculated six color characteristics for each species 
(males and females separate): average color span, the average of the Euclidean 
distances between each pair of colors in the plumage, and its variance; volume of color 
space, the volume of the minimum convex polygon that contains all the color points in 
the plumage; average and maximum chroma, and average brightness. Average 
brightness was calculated from the raw spectral data as the mean reflectance over the 
entire spectral range, following Montgomerie (2006). I performed an analysis of variance 
with sex as blocks, to explore potential differences in the color characteristics between 
males and females.  
Comparative phylogenetic analyses 
I examined the evolution of color signals using the phylogeny of the clade by Derryberry 
et al. (2011), which was based on sequencing of three mitochondrial genes and one 
nuclear intron (Derryberry et al. 2011). To test whether plumage evolution is influenced 
by ambient light, I compared three models of evolution for each color descriptor: a 
Brownian motion model (BM), an Ornstein–Uhlenbeck model (OU) with a single 
optimum, and an OU model with three selective regimes based on the amount of 
ambient light available at each habitat (low, intermediate, high). I then compared the 
models using the AIC criterion corrected for small sample size (AICc). When ΔAICc < 4, 
I used a likelihood ratio test to test for significant differences with simpler models, 
however this could not be done when the less complex model had the lower AICc.  In 
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cases when ΔAICc < 2, I considered the simpler model as the best model, since the 
additional parameters do not explain enough variation to be included in the model 
(Arnold 2010). Finally, I estimated the respective parameters for the best-fit model of 
each descriptor from 10,000 bootstrap replicates. I performed all analyses in R (R-
Development-Core-Team 2015) using the Pavo (Maia et al. 2013), Ape (Paradis, 
Claude & Strimmer 2004), Geiger (Harmon et al. 2008), and Ouch (King & Butler 2009) 
libraries.  
RESULTS  
Intraspecific variation 
Under both the real and ideal models of color discrimination, 27 of 33 species (81.8%) 
were dichromatic in at least one plumage patch when ΔS ≥ 1.0 (Table 6.1). However, 
when the threshold for discrimination was doubled (ΔS ≥ 2.0), the number of 
dichromatic species dropped to 9 and 10 (27.3%, 30.3%) under the real and ideal 
models, respectively (Table 6.1). Six species Glyphorynchus spirurus, Dendrexetastes 
rufigula, Dendrocolaptes certhia, Automolus infuscatus, Xiphorhynchus picus, and X. 
guttatus were completely monochromatic at all thresholds of discrimination. The 
proportion of dichromatic species varied with levels of ambient light (Table 6.1). Under 
the real model 100% of the species from the low light group were dichromatic at ΔS ≥ 
1.0, but only 75% and 25% at the 1.5 and 2.0 thresholds. In the intermediate light group, 
77.8% of the species were dichromatic at ΔS ≥ 1.0, but only 22.2% and 11.1% at the 
1.5 and 2.0 thresholds. A less dramatic trend was observed in the high light group, with 
81.8% of the species having at least one dichromatic patch at the ΔS ≥ 1.0 and 1.5 
thresholds, and 54.5% at the ΔS ≥ 2.0 threshold.    
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Table 6.1. Number of dichromatic patches obtained under the ideal and real Vorobyev-
Osorio model of color discrimination for 33 bird species of the infraorder Furnariides 
living in in Amazonian habitats with different levels of ambient light. Three different 
discrimination thresholds were evaluated for each model (ΔS ≥ 1.0, 1.5, 2.0). Species in 
bold were identified as completely monochromatic at all levels of discrimination.  
Light 
level 
Species 
# patches 
measured 
Number of dichromatic patches 
Real model Ideal model 
1.0 1.5 2.0 1.0 1.5 2.0 
L
o
w
 
Formicarius analis 10 6 4 0 6 4 1 
Sclerurus mexicanus 9 6 2 1 7 4 1 
Sclerurus caudacutus 9 1 1 0 1 1 0 
Synallaxis rutilans 9 1 0 0 1 0 0 
In
te
rm
e
d
ia
te
  
Dendrocincla merula 9 1 0 0 1 0 0 
Dendrocincla fuliginosa 9 1 0 0 3 0 0 
Deconychura stictolaema 6 2 0 0 4 1 0 
Deconychura longicauda 6 1 0 0 1 0 0 
Sittasomus griseicapillus 9 2 0 0 2 0 0 
Glyphorynchus spirurus 8 0 0 0 0 0 0 
Xiphorhynchus ocellatus 6 1 1 0 3 2 0 
Xiphorhynchus elegans 6 1 0 0 2 0 0 
Dendrexetastes rufigula 9 0 0 0 0 0 0 
Dendrocolaptes certhia 5 0 0 0 0 0 0 
Dendrocolaptes picumnus 9 1 0 0 1 0 0 
Hylexetastes perrotii 9 5 3 2 5 3 2 
Xenops minutus 10 3 0 0 3 0 0 
Hylocistes subulatus 7 3 0 0 5 2 0 
Automolus ochrolaemus 9 3 1 0 2 1 0 
Automolus infuscatus 9 0 0 0 0 0 0 
Philydor pyrrhodes 9 2 0 0 2 0 0 
Philydor erythrocercum 9 3 3 1 3 3 1 
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Table 6.1. Continued 
Light 
level 
Species 
# patches 
measured 
Number of dichromatic patches 
Real model Ideal model 
1.0 1.5 2.0 1.0 1.5 2.0 
H
ig
h
 
Xiphorhynchus picus 7 0 0 0 0 0 0 
Xiphorhynchus guttatus 6 0 0 0 0 0 0 
Lepidocolaptes albolineatus 8 8 7 5 8 7 5 
Xiphocolaptes 
promeropirhynchus 
8 2 1 0 2 1 0 
Furnarius minor 10 6 1 1 7 1 1 
Furnarius leucopus 10 7 6 3 7 6 3 
Ancistrops strigilatus 6 6 6 3 6 6 3 
Philydor erythropterum 9 2 1 0 2 1 0 
Synallaxis albescens  9 7 4 2 7 4 2 
Synallaxis gujanensis 9 4 2 0 4 2 0 
Cranioleuca vulpina 9 6 5 2 7 5 2 
  Total dichromatic species:  27 16 9 27 18 10 
 
 
Table 6.2. Proportions of dichromatic patches (ΔS > 1.0) and mean discrimination 
values (in jnd units) by group, under the ideal Vorobyev-Osorio model of color 
discrimination. Letters show the results of post-hoc tests (Tukey test) for each group, 
where groups with different letters are statistically different (p-value<0.05). 
Light level 
Total  
# species 
# patches 
measured 
% 
dichromatic 
patches    
(ΔS ≥ 1.0) 
Discrimination                                  
(mean ± sd)  
Low 4 37 37.8 0.93 ± 0.53 a 
Intermediate 18 144 20.1 0.70 ± 0.43 a 
High 11 91 52.7 1.31 ± 0.93 b 
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The greatest extent and magnitude of dichromatism was found in the high light 
group, in which 52.7% of the patches measured were dichromatic at the ΔS ≥ 1.0 
threshold, with a mean jnd of 1.31 (Table 6.2). The low light group was second, with 
37.8% of dichromatic patches, and an average jnd of 0.93.  Lastly, the intermediate light 
group had 20.1% of dichromatic patches, and a mean jnd of 0.70. The analysis of 
variance with group as a block showed differences in jnd between the high and 
intermediate light groups, and the high and low light groups, but not between the 
intermediate and low light groups (post-hoc Tukey test, p-value<0.05) (Table 6.2).  
 
 
Figure 6.3. Proportion of dichromatic plumage patches by body region (ΔS > 1.0) 
identified by Vorobyev-Osorio model of color discrimination. Numbers in bars refer to 
the mean discrimination value (in jnd units) of dichromatic patches in each body region. 
All information obtained from the ideal model, see methods for details of model 
parameters.    
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In all groups, the patches that were more frequently dichromatic were dorsal 
patches: wing coverts, nape, and rump, followed by ventral patches like throat and belly 
(Fig. 6.3) (Facial mark patches not included in this analysis). However, these patches 
did not have the highest discrimination values, as measured by their mean jnd (Fig. 
6.3). Patches with the highest jnd scores were mostly ventral (breast and belly), as well 
as the tail. An analysis of variance with group as a block, showed no differences among 
the jnd values for each patch (Table D1; p-value=0.66), yet groups were different 
among each other (p-value<0.05). Re-running the models for each species with the 
ambient light spectra used for the other groups did not alter the results obtained (Table 
D2). The number of species having at least one dichromatic patch (ΔS ≥ 1.0) was the 
same under all the spectra considered, although the number of dichromatic patches 
identified varied for some species (Table D2).    
Interspecific variation 
For each color descriptor, the analysis of variance with sex as a block showed no 
differences between males and females (p-value>0.05), therefore results reported in 
this section are for both sexes of the same species combined. Summary statistics 
describing whole-plumage color characteristics of each species are shown in table 6.3. 
Color space volume, average chroma, and average brightness increased with 
increasing ambient light (Fig. 6.4). No significant differences were found for average 
color span, variance of color span, and maximum chroma (Fig. 6.4; p-value>0.05).  
Average color span, a measure of contrast among color patches in a plumage, 
ranged from 0.01 (D. longicauda), to 0.06 (P. pyrrhodes), both from the intermediate 
light (IL) group (Table 6.3). Range of variation in this variable is quite small because 
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colors in the plumage of these species are basically shades of brown. Span variance is 
a measure of the uniformity of color contrast within a plumage. It ranged over two orders 
of magnitude, again from 2.21e-5 in D. longicauda, to 1.25e-3 in P. pyrrhodes (Table 
6.3). Deconychura longicauda is a very uniform bird, lacking the light throat patches of 
most Furnariides, therefore its colors contrast with one another uniformly. On the other 
hand, P. pyrrhodes has a larger span variance because its color pattern is made up of 
two contrasting colors, which results in higher variance. Color space volume, a measure 
of color diversity, ranged over one order of magnitude, from 2.50e-7 in S. caudacutus 
(low light group, LL), to 9.45e-6 in F. leucopus (high light group, HL) (Table 6.3). 
Sclerurus caudacutus is another bird which is very uniform in color, while F. leucopus 
has more diversity in colors, with strong white supercilium and throat, orangish 
upperparts, and a dark crown.  
Average chroma, a measure of color saturation, varied from 0.26 (X. 
promeropirhynchus) to 0.41 (F. minor), both from the high light group. The throat patch 
was the most saturated patch in X. promeropirhynchus, scoring 0.36, while in F. minor 
the breast patch was the highest in average chroma with a score of 0.51 (Table D3). 
Maximum chroma had a minimum of 0.33 in S. caudacutus (LL), and a maximum value 
of 0.53 in P. pyrrhodes (HL) and P. erythropterum (HL). Average brightness, the amount 
of light reflected by the plumage patch, ranged from 0.14 in S. mexicanus (LL), D. 
merula (IL), and D. stictolaema (IL), to 0.27 in F. leucopus (HL). The brightest patch in 
S. mexicanus and D. merula was the throat, with scores of 0.24 and 0.27, respectively. 
The brightest patch in D. stictolaema was the belly with a score of 0.18, while the 
brightest patch in F. leucopus was the throat with a score of 0.48 (Table D3).  
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Table 6.3. Summary statistics describing whole-plumage color characteristics and 
brightness of 33 bird species of the infraorder Furnariides, living in environments with 
different light levels within the Amazon River basin. 
Species 
Avg. 
color 
span 
Var. of 
color 
span 
Color 
space 
volume 
Avg. 
chroma 
Max. 
chroma 
Bright. 
F. analis 0.02 1.18e-4 7.50e-7 0.31 0.37 0.17 
S. mexicanus 0.04 8.97e-4 1.10e-6 0.31 0.48 0.14 
S. caudacutus 0.02 1.28e-4 2.50e-7 0.28 0.33 0.16 
S. rutilans 0.04 7.25e-4 2.30e-6 0.27 0.39 0.17 
D. merula 0.02 4.66e-5 8.00e-7 0.33 0.37 0.14 
D. fuliginosa 0.02 1.01e-4 1.05e-6 0.32 0.39 0.15 
D. stictolaema 0.02 8.41e-5 1.65e-6 0.33 0.38 0.14 
D. longicauda 0.01 2.21e-5 7.00e-7 0.37 0.39 0.15 
S. griseicapillus 0.04 8.47e-4 4.15e-6 0.29 0.41 0.19 
G. spirurus 0.03 2.72e-4 2.20e-6 0.33 0.44 0.16 
X. ocellatus 0.02 8.36e-5 6.50e-7 0.30 0.36 0.21 
X. elegans 0.02 8.93e-5 5.50e-7 0.34 0.41 0.19 
D. rufigula 0.03 3.04e-4 7.00e-7 0.33 0.45 0.23 
D. certhia 0.03 1.71e-4 7.00e-7 0.29 0.38 0.21 
D. picumnus 0.02 9.80e-5 1.10e-6 0.32 0.38 0.21 
H. perrotii 0.02 8.74e-5 1.00e-6 0.30 0.37 0.24 
X. minutus 0.04 8.81e-4 1.70e-6 0.34 0.47 0.21 
H. subulatus 0.02 9.36e-5 7.50e-7 0.33 0.38 0.19 
A. ochrolaemus 0.03 1.77e-4 3.15e-6 0.37 0.46 0.22 
A. infuscatus 0.02 1.41e-4 8.50e-7 0.31 0.35 0.22 
P. pyrrhodes 0.06 1.25e-3 2.25e-6 0.39 0.53 0.21 
P. erythrocercum 0.03 2.63e-4 3.20e-6 0.30 0.42 0.22 
X. picus 0.02 8.34e-5 6.50e-7 0.31 0.38 0.22 
X. guttatus 0.03 4.33e-4 1.10e-6 0.35 0.49 0.19 
L. albolineatus 0.02 7.68e-5 2.05e-6 0.37 0.42 0.18 
X. promeropirhynchus 0.02 1.42e-4 3.50e-7 0.26 0.36 0.23 
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Table 6.3. Continued       
Species 
Avg. 
color 
span 
Var. of 
color 
span 
Color 
space 
volume 
Avg. 
chroma 
Max. 
chroma 
Bright. 
F. minor 0.04 4.22e-4 6.15e-6 0.41 0.51 0.25 
F. leucopus 0.05 6.38e-4 9.45e-6 0.39 0.50 0.27 
A. strigilatus 0.03 1.62e-4 2.45e-6 0.34 0.40 0.24 
P. erythropterum 0.04 5.75e-4 7.80e-6 0.37 0.53 0.23 
S. albescens 0.02 9.64e-5 9.50e-7 0.33 0.39 0.22 
S. gujanensis 0.02 1.00e-4 2.05e-6 0.31 0.36 0.21 
C. vulpina 0.03 3.41e-4 2.45e-6 0.37 0.42 0.23 
 
Evolution of plumage color 
Support for all three models of evolution was found depending on the color descriptor 
considered. Brightness fit an OU model with different selective regimes for ambient light 
considerably better than the other models (Table 6.4). This suggests that brightness 
evolution is constrained by the amount of ambient light available in the birds’ habitats. 
The optimal value for low light level had the lowest score, followed by intermediate and 
high light groups, with no overlap in the 95% confidence intervals in the three light levels 
(Table 6.5). Variance of color span and maximum chroma fit an OU model with a single 
optimum better than the other models (p-value<0.05 for simpler models with AICc 
values of less than four). Preference for the OU model with a single optimum in these 
two color characteristics is an indication of their evolution towards a single optimal 
value. Furthermore, all OU models had large α values, which adds support to strong 
stabilizing selection forces around optimal values (Table 6.5).   
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Figure 6.4. Whole-plumage color characteristics and brightness of birds living in 
Amazonian habitats with different levels of ambient light. Letters show the results of 
post-hoc tests (Tukey test) for each color descriptor, where groups with different letters 
are statistically different (p-value<0.05). 
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Color space volume and average color span were best explained by a BM model (Table 
6.4), which suggests that evolution of these color characteristics is unconstrained by 
ambient light levels. Lastly, average chroma best fit the most complex OU model (light 
level model), but I was not able to discriminate among the three models due to model 
selection uncertainty (ΔAICc < 2).  Therefore, for this color descriptor I chose BM as the 
best model.   
 
Table 6.4. Plumage evolution model comparison (ΔAICc values). Best-fit model for each 
color descriptor is indicated in bold. A difference of less than two indicates no difference 
of fit in the more complex models. An asterisk indicates a significant (p-value<0.05) 
likelihood ratio test between less-complex models, and the less-complex models can be 
rejected as a significantly worse fit to the data. A likelihood ratio test could not be used 
to compare models with a less-complex model having the lower AICc value.     
Color descriptor Brownian motion 
OU - single 
optimum 
OU - light level 
Avg. color span 0.00 0.35 8.05 
Var. of color span 3.19* 0.00 7.05 
Color space volume 0.00 9.45 11.76 
Avg. chroma 1.85 0.21 0.00 
Max. chroma 3.63* 0.00 6.17 
Avg. bright. 7.28 6.46 0.00 
 
 
DISCUSSION  
Current understanding of the avian vision system and the phylogenetic relationships 
among birds opens new opportunities for exploring the evolution of plumage coloration 
in an avian-appropriate perspective. I applied Vorobyev-Osorio model of color 
discrimination and the tetrahedral color space model, in combination with comparative 
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methods to test the LEH in both intra and interspecific contexts in a group of species of 
the infraorder Furnariides living under different ambient light regimes within the Amazon 
basin.   
 
Table 6.5. Plumage model parameter estimates for the best-fit model for each color 
descriptor (from Table 6.4). The most likely value is given, along with 95% confidence 
intervals calculated from 10,000 bootstrap replicates.   
Color 
descriptor 
α σ2 
Single 
optimum 
θ 
Low 
 θ 
Intermed. 
θ 
High  
θ 
Avg. color span 
(BM) 
- 
6.1e-6 
(3.4e-6, 
9.3e-6) 
0.029 
(0.01, 
0.04) 
- - - 
Var. of color 
span (OU 
single) 
3.71 
(3.61, 
4.62) 
7.1e-7 
(4.4e-7, 
1.0e-6) 
3.0e-4 
(1.9e-4, 
4.4e-4) 
- - - 
Color space 
volume (BM) 
- 
1.8e-13 
(1.0e-13, 
2.7e-13) 
2.0e-6 
(6.2e-9, 
4.1e-6) 
- - - 
Avg. chroma 
(BM) 
- 
7.4e-5 
(4.1e-5, 
1.1e-4) 
0.32 
(0.25, 
0.38) 
- - - 
Max. chroma 
(OU single) 
4.61 
(4.57, 
5.66) 
0.02 
(0.01, 
0.04) 
0.41 
(0.39, 
0.43) 
- - - 
Avg. bright. 
(OU light level) 
4.17 
(4.07, 
5.15) 
0.005 
(0.003, 
0.008) 
- 
0.15  
(0.12, 
0.18) 
0.19  
(0.18, 
0.20) 
0.22  
(0.20, 
0.23) 
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LEH in the intraspecific context 
Both the real and ideal models of color discrimination identified 27 species (81.8%) as 
having at least one dichromatic patch (ΔS > 1.0) within their plumage. However, 
numbers dropped significantly at the more conservative threshold (ΔS ≥ 2.0), where 
only 27.35% of the species were dichromatic under the real model. Overall my results 
agree with previous studies exploring dichromatism in an avian visual perspective. For 
instance, Eaton (2005) found that 92.8% of 139 sexually monochromatic species from 
the order Passeriformes were dichromatic at the ΔS > 1.0 threshold. Burns and Shultz 
(2012) suggested that 97.3% of the cardinals and tanagers (376 species) are 
dichromatic at the same discrimination threshold, contrary to the 50% that were 
previously identified by human visual standards. Nonetheless, using the more 
conservative threshold, Eaton (2005) and Burns and Shultz (2012) estimated 
dichromatism levels of 60.4% and 76%, respectively, and maximum ΔS values > 10 jnd. 
In this study, the highest discrimination value was only 4.39 jnd in the belly of F. minor 
(HL) (Table D3).  
In general, my results suggest that Furnariides reflect the same general pattern 
of sexual plumage dichromatism previously found in passerine birds, even though the 
magnitude of dichromatism does not seem to be as high as found in other groups. 
Considering that most of the species in this clade, and all of the species in this study, 
have been previously classified as sexually monochromatic by human standards, my 
results emphasize the importance of studying the evolution of sexual dichromatism from 
an avian visual perspective, as has been shown in previous studies (Eaton 2005; Burns 
& Shultz 2012). The use of human-based scoring systems can produce very dissimilar 
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results that can lead to misinterpretations of the evolutionary patterns of sexual 
dichromatism, with important implications in behavioral and ecological studies of birds 
(Eaton 2005; Burns & Shultz 2012).   
Given that studies of dichromatism have mostly focused in quantifying the degree 
of divergence between sexes, it is hard to make comparisons under the ambient light 
approach. I found significant differences in the frequency and magnitude of 
dichromatism in species living under different light conditions. This finding supports my 
prediction of the role of the LEH in intraspecific variation, although in the opposite 
direction. On average, species from the high light group had more dichromatic patches 
and greater discrimination values than species from the intermediate and low light 
groups. This can be interpreted as enhanced communication in environments with high 
levels of ambient light, which was the opposite of what I predicted. Also, though not 
statistically significant, it was interesting to see that species from the intermediate light 
group had lower degrees of dichromatism than species from the low light group.  
Additionally, four of the six species identified as sexually monochromatic at all 
thresholds of discrimination were from this same group, creating a trend of decreased 
dichromatism in species from intermediate light habitats.     
In all groups, the patches that were more frequently dichromatic were dorsal 
patches: wing coverts, nape, and rump, followed by ventral patches like throat and belly. 
This is interesting because of the characteristic foraging behavior of species of this 
clade, particularly woodcreepers, who spend most of their time climbing on tree trunks 
and rarely perch in an erect posture. Intraspecific variation in plumage color has been 
mostly related to communication, in which signalers reveal information about 
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themselves to receivers (Hill & McGraw 2006b). Sexual differences have been 
attributed to recognition of sex-related strategies, and are particularly expected in 
species for which additional gender-revealing cues are less apparent. Also, species 
whose genders have very similar roles during courtship and reproduction, and those 
that are sexually monochromatic in appearance are predicted to have evolved sex 
recognition signals (Hill & McGraw 2006b). All species in the present study are sexually 
monochromatic based on human standards, and in most of them both males and 
females develop brood patches, which suggest they both participate in egg incubation 
(E. Johnson, J.D. Wolfe personal observation). Therefore, the fact that the patches that 
were more frequently dichromatic were from the dorsal area, provides evidence of the 
role in sex recognition of these differences.  
Lastly, one of my objectives was to quantify the extent of dichromatism under 
different levels of ambient light. Using Vorobyev-Osorio model of color discrimination 
with varying levels of ambient light (ideal and real models; see methods) I found that, 
although the discrimination scores varied slightly, the conclusions drawn from them 
remained virtually unaffected. Similar results have been reported in previous studies 
(Eaton 2005; Stoddard & Prum 2008). For instance, Stoddard and Prum (2008) 
compared a simplified tetrahedral color space model to that of Endler and Mielke (2005) 
in two species of New World buntings under three different ambient light spectra, and 
found that varying ambient light did not have a large effect on estimates of color 
perception. This is not surprising given that avian vision has evolved mechanisms for 
color constancy (Vorobyev et al. 2001; Stoddard & Prum 2008), but it is perhaps an 
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invitation to increase the use of more pragmatic and simplified approaches which could 
represent a better option for studies of plumage color variation.  
LEH in the interspecific context 
I found strong support for the LEH in the interspecific context, suggesting that ambient 
light plays an important role in shaping the plumage of this group of birds. Species 
signaling in the same light environments had similar color characteristics at least in 
terms of color diversity (color space volume), saturation (chroma), and brightness. 
Preference for OU models over the BM model in half of the color descriptors examined, 
and the large α values for these models suggest strong directional selection for these 
plumage characteristics. Also, the fact that there were no differences between males 
and females suggests that both sexes may be under similar selective pressures.  
Average brightness was the only trait to fit the more complex model that included 
different regimes based on the amount of ambient light available for each group. This 
suggests that ambient light is an important selective pressure for the evolution of 
plumage brightness, supporting previous observations (Endler 1993; McNaught & 
Owens 2002; Gomez & Thery 2004; Gomez & Thery 2007; Shultz & Burns 2013). 
Additionally, lower optimal values for this descriptor in the low light group, and high 
values for the high light group serves as an indication of natural selection driving the 
evolution of cryptic color signals in these birds. Since the forest understory receives 
considerably less light and has lower spatial light diversity than the canopy (Endler 
1993), a bird with lower brightness in this type of habitat (or in generally darker 
habitats), will match the background in a more effective way than a brighter bird will do.  
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Support for decreased brightness in darker habitats has been found in other groups of 
birds. McNaught and Owens (2002) studied 65 species of Australian birds from six 
different families, living in closed and open environments, and found that birds from 
closed habitats used less bright colors than those used by birds from open habitats. 
Similarly, Gomez and Thery (2004) found that species from the understory of Tropical 
rainforests have developed less bright coloration than canopy species. Shultz and 
Burns (2013) also documented lower optimal brightness values in a clade of tanager 
species from the forest understory, suggesting that the evolution of plumage brightness 
is constrained by habitat characteristics.  
Alternative explanations for the fact that birds with lower brightness were 
associated with low light habitats should also be considered. One possibility is that 
plumage signals are simply less effective in dark and dense vegetation and so plumage 
has tended to become duller because of selection against developmental costs, 
perhaps placing more emphasis on vocal communication. Structural plumage coloration 
is created by the coherent scattering of light caused by alternating layers of ordered 
keratin and air pockets within a feather’s spongy medullary layer (Prum et al. 1999), 
thus feather microstructure is thought to be produced with few costs (Prum 2006, but 
see Andersson 1999). Nonetheless, there is growing evidence that structural coloration 
is condition-dependent and that it may serve as an honest signal of individual quality 
(Keyser & Hill 1999; Doucet 2002). Therefore, if ambient light is constraining visual 
communication in low light habitats, there is no evident need for the development of 
bright plumage under low light conditions. This idea goes in hand with my results of 
dichromatism. Contrary to my predictions, birds from the low and intermediate light 
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groups had lower dichromatism than birds from the high light group. This gives reason 
to think that visual communication is more constrained in environments with low levels 
of ambient light.  Whether by means of cryptic coloration by natural selection, or simply 
by constraining the efficiency of visual signaling in dark habitats, it appears that ambient 
light is an important factor limiting plumage brightness in these birds.  
The best model for average chroma could not be identified due to model 
selection uncertainty. However, I did observe an increase in saturation with increasing 
ambient light.  Endler’s 4th rule of the interaction between ambient light and the 
reflectance of a patch states that the contrast of a color pattern in different light 
environments will be affected by the chroma of the component patches. The degree of 
saturation (chroma) of a patch determines the degree to which the patch appearance’s 
will be affected by the color of ambient light (Endler 1993). As ambient light varies, 
unsaturated patches will vary more in color and brightness than saturated patches. 
Since visual backgrounds consist mostly of low-chroma patches, low-chroma animals 
will contrast less than high-chroma animals, but will also vary more with changing 
ambient light (Endler 1993).  
Given the strong support for crypsis found in this and in previous studies, the 
decreased saturation in the plumage of birds from the low light group can be interpreted 
as another adaptation for crypsis.  Endler (1978) predicted that when predation risk is 
high, cryptic color patterns should have patches with reflectance spectra similar to that 
of the background, since changes in appearance with ambient light may make 
unsaturated color patterns harder to recognize and track than saturated patterns (Endler 
1993). On the other hand, given my results of dichromatism, that birds from the high 
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light group had more saturated plumages can be explained as an adaptation for cryptic 
signaling. As mentioned earlier, canopy and open habitats have more variable ambient 
light, therefore birds from these habitats will need more saturated plumages for constant 
appearance and easy recognition in any light environment (Endler 1993). 
Even though color space volume best fit a Brownian motion model, which 
indicates random drift instead of directional selection, it also showed an increase with 
increasing ambient light. This color descriptor is a measure of color diversity, suggesting 
another adaptation for crypsis in this group of birds. As mentioned above, the canopy of 
forests has a higher spatial light diversity, therefore increasing color diversity in the 
plumage pattern of these birds may result in increasing crypsis by matching the 
background of their habitat. Gomez and Thery (2004) reported similar results while 
studying a Neotropical rainforest bird community of 40 species. They classified species 
according to their foraging height, as either canopy or understory, and using 
comparative models they found that canopy birds had higher mean hue angles and 
more varied hues (their measure of color diversity) than ground birds, which they 
interpreted as an adaptation for crypsis. On the other hand,  Shultz and Burns (2013) 
found the opposite in their study of plumage evolution in a clade of Neotropical 
tanagers. They found support for the evolution of color space volume as random drift 
(BM model over OU model), but only in females; males best fitted an OU model based 
on open vs. closed habitats. However, they found higher optimal values of color space 
volume for the closed habitat group, which they interpreted as an adaptation for crypsis. 
Based on the argument that a closed environment with many different leaves, fruits, and 
flowers is more complex, and has a greater diversity of colors, they suggested that a 
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plumage pattern with high color diversity would be more cryptic in these kinds of 
environments. Lastly, even though variance of color span and maximum chroma did not 
best fit an OU model with different selective regimes (no different optima for each 
ambient light level), and did not differ among the groups, they did fit the OU model with 
a single optimum better than the BM model. Parameters for these models indicate both 
strong selection forces around the optimal value (large α), and small drift for each color 
descriptor (small σ2) (Butler & King 2004), which refutes stochastic processes as an 
alternative to non-adaptive color signals.  
My results provide evidence for the role of ambient light in shaping plumage 
coloration in this group of birds at both intra and interspecific levels in two main ways. 
First, the fact that birds from the high light group had higher levels of dichromatism, as 
well as brighter, more saturated and diverse plumages than birds from the other two 
groups, suggests that ambient light constrains signal efficacy in low light environments. 
Interestingly these same results also suggest that adaptation for crypsis prevails. Again, 
birds with higher brightness, saturation, and color diversity were associated with 
habitats with high levels of ambient light, which indicates that plumage in these birds 
has evolved to match the background in their respective habitats. Gomez and Thery 
(2007) found similar patterns of intra and interspecific variation in bird species living in 
understory or canopy in a Tropical rainforest. Their highly detailed study helped reveal 
interesting patterns of crypsis and conspicuousness within a single plumage, helping 
understand how ambient light, in conjunction with natural and sexual selection, 
influences the evolution of plumage color in birds.     
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 Tobias et al. (2010) found considerable support for acoustic adaptation in avian 
communities of two Amazonian forest types: bamboo and terra firme. Songs of birds 
from the two habitats differed in predictable ways according to the transmission 
properties of each environment, suggesting an important role of habitat structure in 
shaping the songs of these birds. This adds support to the view that physical 
characteristics of the environment influence how effectively signals are transmitted and 
received, and that these signals and the associated sensory systems are adjusted to 
match characteristics of the environment. As these authors suggest, habitat 
heterogeneity, including ambient light levels, can cause divergent selection on signals 
associated with mate choice, potentially facilitating speciation, which could help explain 
the high levels of diversity in tropical birds.  
Finally, for logistic reasons I did not include all lineages found in Amazonian 
habitats. However, in order to get an adequate representation of the whole range of 
variation, the species I included were selected from a variety of places within the clade. 
The evolution of plumage color signals in relation to ambient light appears to be a 
common pattern, and has received significant support in single clades (Shultz & Burns 
2013), as well as in unrelated groups who share similar habitats (McNaught & Owens 
2002; Gomez & Thery 2004; Gomez & Thery 2007).  It would be interesting to see 
whether the levels of dichromatism and the plumage patterns hold as more species are 
included, although given the range of variation already included in the present study, it 
is highly plausible that additional sampling might just reveal more detail into the pattern. 
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Conclusions 
My results suggest that ambient light plays a major role in the evolution of color signals 
in both intra and interspecific contexts, as well as support the idea that visual 
communication is constrained in environments with low levels of ambient light. Given 
that avian vision has evolved for advanced color discrimination and color constancy, it is 
expected that variation in ambient light spectral composition does not affect avian 
discriminatory capabilities to a great extent (Stoddard & Prum 2008). However, I have 
shown that the plumage of birds living in habitats with different levels of ambient light 
have different color characteristics: birds from the high light group were more likely to 
have higher dichromatism levels, as well as brighter, more saturated, and diverse 
plumages. My results also agree with the prediction that adaptation of color signals is 
driven by natural selection to enhance crypsis with the background. All of this goes in 
line with findings by previous studies, increasing support for the LEH as a possible 
explanation for interspecific variability in bird coloration, and in this particular case for 
intraspecific variation as well. 
Analyzing dichromatism and color characteristics using both avian-appropriate 
models and information about levels of ambient light available to transmit and receive 
the signals, has helped reveal interesting plumage patterns in this group of birds. As it 
has been shown here, it is important to use complementary models of avian color 
perception to strengthen analysis in this growing area of research (Kemp et al. 2015). 
The fact that adding ambient light spectra into models of avian vision did not have a 
significant effect on the results obtained, suggests that this information is not very 
important. However, when accounting for the amount of light available in each bird’s 
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habitat, both dichromatism levels and plumage color characteristics varied in the 
predicted way. This is perhaps the most interesting result obtained here, since it 
highlights the importance of ambient light into shaping the plumage coloration of these 
drab birds, while also adds evidence for the little effect ambient light spectral data has in 
the models of avian vision themselves. There are likely some benefits to using models 
that make few assumptions, particularly when making comparisons among species. As 
more exciting and complex ecological and evolutionary questions about colors in nature 
arise, there is an increasing need for simple, straightforward methods that allow 
comparisons within and among species and studies. 
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CHAPTER 7: GENERAL CONCLUSIONS 
Understanding how changes in the landscape affect wild populations of birds is vital for 
their management and conservation in human-modified landscapes, especially in light 
of ongoing habitat degradation and climate change. Through the use of four different 
biomarkers, feather growth rate, feather quality, fluctuating asymmetry, and stress 
hormones, I have been able to show how fragmentation and landscape change in 
central Amazonian rainforests affect the physical condition of even the most common 
understory bird species living in forest fragments and second-growth forests.  
First of all, my results illustrate the importance of landscape-scale approaches for 
conservation of avian diversity in fragmented landscapes. I have been able to show how 
vegetation surrounding forest fragments influence the nutritional condition of birds living 
inside the fragments, with young vegetation having a negative impact on the condition 
of birds. However, these same results also illustrate the important effect of fragment 
size; nutritional condition of birds in larger fragments (100 ha) was considerably less 
affected by edge and matrix effects, as was expected due to the lower edge-to-interior 
ratio in larger fragments. Integrating forest fragments into the context of the overall 
landscape is important, especially when developing conservation and management 
programs for birds in tropical regions.  
Second, my results also provide evidence of the important ecological value of 
second-growth forests for conservation of birds in central Amazonia, especially when 
allowed to regenerate for a few decades. As mentioned above, young vegetation in the 
matrix and edges had a significant negative influence on the nutritional condition of 
birds living inside forest fragments, however that negative effect was lost as vegetation 
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matured. Also, when comparing the nutritional condition of birds living in 25-year old 
second-growth forests to birds living in continuous forest, I found no evidence of birds in 
second-growth showing reduced nutritional condition. In fact, my analysis showed that 
for most bird species analyzed, nutritional condition was higher in second-growth forests 
irrespective of trophic guild, which provides evidence of the potential of this type of 
forest in supporting conservation of the avifauna at my study site.  
   Lastly, through the use of these biomarkers, I have been able to show that 
even some of the most common species are negatively affected by fragmentation and 
landscape change in central Amazonia. Detrimental effects of fragmentation and 
landscape change had been previously documented for a variety of species at my study 
site, however only by close examination of the physical condition of birds I have been 
able to elucidate negative effects of fragmentation on species previously identified as 
tolerant to disturbance. Biomarkers provide a powerful, cost-effective way to quantify 
the conditions under which birds live in. Biomarkers also offer quick responses before 
changes can be observed by traditional parameters like reproduction, growth, or 
feeding. Based on my results, I strongly recommend the use of ptilochronology in 
studies of conservation biology. Ptilochronology has proven to be an effective biomarker 
to measure the impacts of human activities of birds, while at the same time fulfilling all 
the requirements of an ideal biomarker: applicable at the individual and population 
levels, not requiring lethal sampling, expensive equipment, or extensive training. I 
strongly recommend the use of this biomarker in studies seeking to understand the 
effects of human activities on birds, either on its own or in combination with other 
condition-based indices.           
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As mentioned throughout this document, although the BDFFP study area 
provides a great opportunity to assess the effects of fragmentation, land-use history, 
and second-growth forest regeneration for tropical birds, it is important to keep in mind 
the BDFFP is a best-case scenario. Forest fragments are separated from vast areas of 
continuous forest by as little as 80 m, as well as protected from ancillary threats such as 
fire, hunting, and logging, and surrounded by 20-30 year-old second-growth forest. 
Because of these reasons and of the species included in my analyses, which are 
species that at least occasionally persist in forest fragments and second-growth forests, 
my results are limited and should be interpreted as such. More sensitive species may 
be limited by other factors and I encourage the use of biomarkers to try to elucidate how 
habitat disturbances affect these birds.  
The high biological diversity found within the Amazon rainforest, coupled with the 
high rates of deforestation still present in the area, and with changes in global climate 
patterns call for efforts to monitor avian populations, as well as to develop appropriate 
conservation strategies and policies to ensure a future for tropical forest birds. Hopefully 
my results will serve as evidence of the need of managing avian diversity at the 
landscape level, as well as of the importance of second-growth forests in alleviating 
some of the detrimental effects of habitat loss and fragmentation. There is an urgent 
need to evaluate how appropriate different habitats are for the different species that live 
in them in order to develop proper conservation plans, and biomarkers can provide 
critical information about the effects of human activities on birds. 
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APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 2 
Table A. Sample size and mean values of daily growth, feather quality, feather CORT, 
and scaled body mass index per site (± standard error).   
Fragment 
size (ha) 
n 
Avg. Daily 
growth rate 
(mm/day) 
Feather 
quality ratio 
(mg/mm) 
Feather 
CORT 
(pg/mm) 
Scaled body 
mass index 
(gr) 
1 17 
1.595 ± 
0.021 
0.080 ± 
0.001 
2.172 ± 
0.313 
16.549 ± 
 0.253 
10 25 
1.610 ± 
0.020 
0.081 ± 
0.001 
4.152 ± 
0.494 
16.184 ± 
 0.268 
100 21 
1.615 ± 
0.019 
0.082 ± 
0.001 
2.737 ± 
0.438 
16.128 ± 
 0.270 
CF 21 
1.608 ± 
0.024 
0.080 ± 
0.001 
5.290 ± 
0.694 
16.625 ±  
0.230 
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APPENDIX B: COMPLETE MODEL SELECTION RESULTS FROM CHAPTER 3 
 
Table B1. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Thamnomanes ardesiacus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 142.89 -281.71 0.00 0.88 
SG age 0.00 0.08 5 143.57 -276.80 4.91 0.08 
Frag 0.04 0.00 5 142.94 -275.55 6.16 0.04 
Frag + SG age 0.01 0.01 7 143.57 -272.51 9.19 0.01 
Σwi 0.05 0.09           
 
 
Table B2. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Thamnomanes ardesiacus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag + SG age 0.52 0.52 7 620.30 -1225.88 0.00 0.52 
Frag   0.26 0.00 5 617.45 -1224.51 1.37 0.26 
SG age 0.00 0.21 5 617.20 -1224.02 1.86 0.21 
Null 0.00 0.00 2 610.12 -1216.17 9.71 0.00 
Σwi 0.78 0.73           
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Table B3. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Thamnomanes caesius as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag 0.43 0.00 5 136.13 -261.98 0.00 0.43 
Frag + SG age 0.24 0.24 7 137.66 -260.79 1.19 0.24 
Null 0.00 0.00 2 132.40 -260.74 1.24 0.23 
SG age 0.00 0.10 5 134.72 -259.16 2.82 0.10 
Σwi 0.67 0.34           
 
 
Table B4. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Thamnomanes caesius as a function of landscape characteristics 
at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 694.45 -1384.83 0.00 0.84 
Frag 0.09 0.00 5 695.36 -1380.41 4.42 0.09 
SG age 0.00 0.05 5 694.70 -1379.10 5.73 0.05 
Frag + SG age 0.01 0.01 7 695.65 -1376.74 8.10 0.01 
Σwi 0.10 0.06           
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Table B5. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Myrmotherula axillaris as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border 0.49 0.00 0.00 3 84.59 -163.01 0.00 0.49 
Border + Frag 0.17 0.17 0.00 6 86.75 -160.91 2.10 0.17 
Border + SG age 0.12 0.00 0.12 6 86.35 -160.11 2.90 0.12 
Null 0.00 0.00 0.00 2 82.09 -160.09 2.92 0.11 
Frag 0.00 0.03 0.00 5 84.07 -157.72 5.29 0.03 
Border + Frag + SG age 0.03 0.03 0.03 8 87.35 -157.68 5.34 0.03 
SG age 0.00 0.00 0.03 5 83.86 -157.31 5.70 0.03 
Frag + SG age 0.00 0.01 0.01 7 84.78 -154.78 8.24 0.01 
Σwi 0.81 0.24 0.19           
 
 
Table B6. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Myrmotherula axillaris as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 0.00 2 505.29 -1006.4 0.00 0.57 
Border 0.28 0.00 0.00 3 505.63 -1005.1 1.42 0.28 
Frag 0.00 0.05 0.00 5 506.03 -1001.6 4.90 0.05 
SG age 0.00 0.00 0.04 5 505.79 -1001.1 5.38 0.04 
Border + Frag 0.03 0.03 0.00 6 506.54 -1000.4 6.06 0.03 
Border + SG age 0.01 0.00 0.01 6 505.81 -998.9 7.52 0.01 
Frag + SG age 0.00 0.01 0.01 7 506.78 -998.7 7.82 0.01 
Border + Frag + SG age 0.00 0.00 0.00 8 506.80 -996.4 10.04 0.00 
Σwi 0.32 0.09 0.06           
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Table B7. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Hypocnemis cantator as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border 0.50 0.00 0.00 3 144.33 -282.54 0.00 0.50 
Border + Frag 0.34 0.34 0.00 6 147.09 -281.77 0.77 0.34 
Border + Frag + SG age 0.06 0.06 0.06 8 147.46 -278.21 4.33 0.06 
Border + SG age 0.05 0.00 0.05 6 145.18 -277.95 4.59 0.05 
Frag 0.00 0.03 0.00 5 143.56 -276.83 5.70 0.03 
Frag + SG age 0.00 0.01 0.01 7 144.87 -275.20 7.34 0.01 
Null 0.00 0.00 0.00 2 138.90 -273.74 8.80 0.01 
SG age 0.00 0.00 0.00 5 141.35 -272.40 10.14 0.00 
Σwi 0.95 0.44 0.12           
 
 
Table B8. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Hypocnemis cantator as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag 0.00 0.56 0.00 5 695.59 -1380.8 0.00 0.56 
Border + Frag 0.25 0.25 0.00 6 695.86 -1379.2 1.60 0.25 
Frag + SG age 0.00 0.09 0.09 7 695.86 -1377.1 3.76 0.09 
Border + Frag + SG age 0.04 0.04 0.04 8 696.14 -1375.4 5.39 0.04 
Null 0.00 0.00 0.00 2 689.58 -1375.1 5.75 0.03 
Border 0.02 0.00 0.00 3 689.97 -1373.8 7.04 0.02 
SG age 0.00 0.00 0.01 5 691.91 -1373.4 7.37 0.01 
Border + SG age 0.00 0.00 0.00 6 691.92 -1371.3 9.48 0.00 
Σwi 0.31 0.94 0.14           
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Table B9. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Percnostola rufifrons as a function of landscape characteristics 
at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border 0.84 0.00 0.00 3 135.67 -265.25 0.00 0.84 
Border + SG age 0.06 0.00 0.06 6 136.09 -259.89 5.37 0.06 
Border + Frag 0.04 0.04 0.00 6 135.83 -259.38 5.87 0.04 
Null 0.00 0.00 0.00 2 131.36 -258.67 6.58 0.03 
SG age 0.00 0.00 0.01 5 133.38 -256.55 8.71 0.01 
Border + Frag + SG age 0.01 0.01 0.01 8 136.23 -255.95 9.30 0.01 
Frag 0.00 0.00 0.00 5 131.69 -253.18 12.08 0.00 
Frag + SG age 0.00 0.00 0.00 7 133.48 -252.58 12.68 0.00 
Σwi 0.95 0.05 0.08           
 
 
 
Table B10. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Percnostola rufifrons as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 0.00 2 820.35 -1636.6 0.00 0.63 
Border 0.24 0.00 0.00 3 820.39 -1634.7 1.98 0.24 
Frag 0.00 0.05 0.00 5 820.94 -1631.6 5.01 0.05 
SG age 0.00 0.00 0.04 5 820.65 -1631.1 5.58 0.04 
Border + Frag 0.02 0.02 0.00 6 820.94 -1629.5 7.10 0.02 
Border + SG age 0.01 0.00 0.01 6 820.66 -1628.1 7.66 0.01 
Frag + SG age 0.00 0.01 0.01 7 820.98 -1627.5 9.14 0.01 
Border + Frag + SG age 0.00 0.00 0.00 8 820.99 -1625.4 11.25 0.00 
Σwi 0.27 0.08 0.06           
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Table B11. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Pithys albifrons as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 228.23 -452.41 0.00 0.56 
SG age 0.00 0.31 5 230.71 -451.23 1.19 0.31 
Frag 0.07 0.00 5 229.24 -448.30 4.12 0.07 
Frag + SG age 0.06 0.06 7 231.15 -447.94 4.48 0.06 
Σwi 0.13 0.37           
 
 
Table B12. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Pithys albifrons as a function of landscape characteristics at the 
Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 994.62 -1985.21 0.00 0.50 
Frag 0.28 0.00 5 997.13 -1984.05 1.16 0.28 
SG age 0.00 0.18 5 996.72 -1983.23 1.98 0.18 
Frag + SG age 0.04 0.04 7 997.28 -1980.18 5.03 0.04 
Σwi 0.32 0.22           
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Table B13. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Gymnopithys rufigula as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 72.21 -140.35 0.00 0.55 
Frag 0.28 0.00 5 74.67 -138.98 1.38 0.28 
Frag + SG age 0.09 0.09 7 75.74 -136.8 3.56 0.09 
SG age 0.00 0.08 5 73.43 -136.5 3.85 0.08 
Σwi 0.37 0.17           
 
 
Table B14. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Gymnopithys rufigula as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 2 506.3 -1008.4 0.00 0.82 
SG age 0.00 0.09 5 507.2 -1004.1 4.36 0.09 
Frag 0.08 0.00 5 507.1 -1003.7 4.72 0.08 
Frag + SG age 0.01 0.01 7 507.6 -1000.4 8.04 0.01 
Σwi 0.09 0.10           
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Table B15. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Willisornis poecilinotus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border + Frag + SG age 0.24 0.24 0.24 8 172.63 -328.77 0.00 0.24 
Frag + SG age 0.00 0.19 0.19 7 171.31 -328.24 0.53 0.19 
Border + SG age 0.16 0.00 0.16 6 170.08 -327.89 0.89 0.16 
SG age 0.00 0.00 0.15 5 169.03 -327.85 0.92 0.15 
Null  0.00 0.00 0.00 2 165.76 -327.48 1.30 0.13 
Frag   0.00 0.07 0.00 5 168.20 -326.19 2.58 0.07 
Border 0.05 0.00 0.00 3 165.81 -325.54 3.24 0.05 
Border + Frag   0.02 0.02 0.00 6 168.23 -324.18 4.59 0.02 
Σwi 0.47 0.52 0.74           
 
 
Table B16. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Willisornis poecilinotus as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag + SG age 0.00 0.25 0.25 7 1003.98 -1993.5 0.00 0.25 
Border + Frag + SG age 0.19 0.19 0.19 8 1004.75 -1992.9 0.59 0.19 
Border + SG age 0.19 0.00 0.19 6 1002.63 -1992.9 0.61 0.19 
SG age 0.00 0.00 0.15 5 1001.35 -1992.5 1.07 0.15 
Null 0.00 0.00 0.00 2 997.80 -1991.5 1.99 0.09 
Frag   0.00 0.07 0.00 5 1000.65 -1991.1 2.46 0.07 
Border 0.03 0.00 0.00 3 997.80 -1989.5 4.03 0.03 
Border + Frag   0.03 0.03 0.00 6 1000.72 -1989.1 4.42 0.03 
Σwi 0.44 0.54 0.78           
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Table B17. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Glyphorynchus spirurus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 0.00 2 186.46 -368.88 0.00 0.26 
Border 0.20 0.00 0.00 3 187.18 -368.28 0.60 0.20 
SG age 0.00 0.00 0.18 5 189.14 -368.10 0.78 0.18 
Frag 0.00 0.10 0.00 5 188.61 -367.04 1.85 0.10 
Frag + SG age 0.00 0.09 0.09 8 191.54 -366.65 2.23 0.09 
Border + Frag 0.07 0.07 0.00 6 189.24 -366.24 2.65 0.07 
Border + SG age 0.07 0.00 0.07 6 189.23 -366.20 2.68 0.07 
Border + Frag + SG age 0.03 0.03 0.03 9 191.55 -364.55 4.34 0.03 
Σwi 0.37 0.29 0.37           
 
 
Table B18. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Glyphorynchus spirurus as a function of landscape characteristics 
at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
SG age 0.00 0.00 0.32 5 967.60 -1924.9 0.00 0.32 
Border + SG age 0.27 0.00 0.27 6 968.45 -1924.6 0.38 0.27 
Null 0.00 0.00 0.00 2 964.26 -1924.5 0.51 0.25 
Border   0.10 0.00 0.00 3 964.35 -1922.6 2.37 0.10 
Frag 0.00 0.02 0.00 5 964.81 -1919.4 5.57 0.02 
Frag + SG age 0.00 0.02 0.02 8 967.80 -1919.1 5.88 0.02 
Border + Frag + SG age 0.01 0.01 0.01 9 968.60 -1918.6 6.40 0.01 
Border + Frag   0.01 0.01 0.00 6 964.84 -1917.4 7.60 0.01 
Σwi 0.39 0.06 0.62           
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Table B19. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Xiphorhynchus pardalotus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag + SG age 0.34 0.34 7 70.19 -125.64 0.00 0.34 
Null 0.00 0.00 2 64.55 -125.02 0.63 0.25 
Frag   0.22 0.00 5 67.56 -124.74 0.90 0.22 
SG age 0.00 0.19 5 67.43 -124.47 1.18 0.19 
Σwi 0.56 0.53           
 
 
Table B20. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Xiphorhynchus pardalotus as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi Model information 
Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
SG age 0.00 0.65 5 320.94 -631.41 0.00 0.65 
Null 0.00 0.00 2 316.74 -629.39 2.02 0.24 
Frag + SG age 0.09 0.09 7 321.19 -627.51 3.90 0.09 
Frag   0.02 0.00 5 317.21 -623.95 7.46 0.02 
Σwi 0.11 0.74           
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Table B21. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Mionectes macconnelli as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Frag + SG age 0.00 0.69 0.69 7 102.56 -190.74 0.00 0.69 
Border + Frag + SG age 0.30 0.30 0.30 8 102.79 -189.09 1.65 0.30 
Border + Frag   0.00 0.00 0.00 6 94.74 -177.20 13.54 0.00 
Border + SG age 0.00 0.00 0.00 6 94.51 -176.73 14.01 0.00 
SG age 0.00 0.00 0.00 5 93.46 -176.72 14.02 0.00 
Frag   0.00 0.00 0.00 5 93.33 -176.46 14.27 0.00 
Border 0.00 0.00 0.00 3 86.48 -166.89 23.85 0.00 
Null 0.00 0.00 0.00 2 83.74 -163.44 27.29 0.00 
Σwi 0.30 0.99 0.99           
 
 
Table B22. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Mionectes macconnelli as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border + Frag + SG age 0.33 0.33 0.33 8 900.95 -1785.3 0.00 0.33 
Border + SG age 0.21 0.00 0.21 6 898.38 -1784.4 0.91 0.21 
Frag + SG age 0.00 0.20 0.20 7 899.39 -1784.3 1.00 0.20 
Border   0.12 0.00 0.00 3 894.71 -1783.3 2.00 0.12 
SG age 0.00 0.00 0.07 5 896.24 -1782.2 3.10 0.07 
Border + Frag   0.04 0.04 0.00 6 896.80 -1781.3 4.06 0.04 
Null 0.00 0.00 0.00 2 891.64 -1779.2 6.10 0.02 
Frag   0.00 0.01 0.00 5 893.72 -1777.2 8.13 0.01 
Σwi 0.70 0.58 0.81           
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Table B23. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of Dixiphia pipra as a function of landscape characteristics at the 
Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 0.00 2 269.97 -535.91 0.00 0.62 
Border 0.22 0.00 0.00 3 269.97 -533.88 2.03 0.22 
Frag 0.00 0.07 0.00 5 270.88 -531.60 4.31 0.07 
SG age 0.00 0.00 0.04 5 270.22 -530.30 5.61 0.04 
Border + Frag 0.03 0.03 0.00 6 270.88 -529.54 6.37 0.03 
Border + SG age 0.01 0.00 0.01 6 270.23 -528.25 7.67 0.01 
Frag + SG age 0.00 0.01 0.01 7 270.96 -527.64 8.27 0.01 
Border + Frag + SG age 0.00 0.00 0.00 8 270.96 -525.55 10.36 0.00 
Σwi 0.26 0.11 0.06           
 
 
Table B24. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of Dixiphia pipra as a function of landscape characteristics at the 
Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border + SG age 0.34 0.00 0.34 6 1476.00 -2939.8 0.00 0.34 
Border + Frag + SG age 0.21 0.21 0.21 8 1477.57 -2938.8 1.02 0.21 
Border   0.19 0.00 0.00 3 1472.35 -2938.7 1.14 0.19 
Border + Frag   0.11 0.11 0.00 6 1474.82 -2937.4 2.35 0.11 
SG age 0.00 0.00 0.09 5 1473.68 -2937.2 2.57 0.09 
Frag + SG age 0.00 0.06 0.06 7 1475.24 -2936.2 3.58 0.06 
Frag   0.00 0.00 0.00 5 1469.28 -2928.4 11.37 0.00 
Null 0.00 0.00 0.00 2 1465.75 -2927.5 12.29 0.00 
Σwi 0.85 0.38 0.70           
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Table B25. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather growth rate of all species combined as a function of landscape 
characteristics at the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Border + Frag + SG age 0.69 0.69 0.69 9 3297.22 -6576.4 0.00 0.69 
Border + Frag   0.25 0.25 0.00 7 3294.19 -6574.3 2.03 0.25 
Border   0.03 0.00 0.00 4 3289.05 -6570.1 6.29 0.03 
Frag + SG age 0.00 0.02 0.02 8 3292.51 -6568.9 7.40 0.02 
Border + SG age 0.01 0.00 0.01 7 3291.30 -6568.6 7.80 0.01 
SG age 0.00 0.00 0.00 6 3286.24 -6560.5 15.91 0.00 
Frag   0.00 0.00 0.00 6 3282.62 -6553.2 23.15 0.00 
Null 0.00 0.00 0.00 3 3277.32 -6548.6 27.73 0.00 
Σwi 0.98 0.96 0.72           
 
 
Table B26. Complete list of Akaike’s information criterion (AICc) model selection results 
for feather quality of all species combined as a function of landscape characteristics at 
the Biological Dynamics of Forest Fragments Project, 1991–2012. 
Model 
wi  Model information 
Border Frag 
SG 
age 
K 
-2 Log 
Lik 
AICc ΔAICc Wi 
Null 0.00 0.00 0.00 3 8906.40 -17806.8 0.00 0.51 
Border 0.29 0.00 0.00 4 8906.82 -17805.6 1.17 0.29 
SG age 0.00 0.00 0.06 6 8907.24 -17802.4 4.34 0.06 
Frag 0.00 0.06 0.00 6 8907.20 -17802.4 4.42 0.06 
Border + Frag 0.03 0.03 0.00 7 8907.72 -17801.4 5.40 0.03 
Frag + SG age 0.00 0.02 0.02 8 8908.31 -17800.6 6.22 0.02 
Border + SG age 0.02 0.00 0.02 7 8907.30 -17800.5 6.24 0.02 
Border + Frag + SG age 0.01 0.01 0.01 9 8908.35 -17798.6 8.15 0.01 
Σwi 0.35 0.12 0.11           
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APPENDIX C: PERMISSION FROM ECOLOGY AND EVOLUTION TO REPRINT 
PREVIOUSLY PUBLISHED CHAPTER 6 
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APPENDIX D: SUPPLEMENTAL MATERIAL FOR CHAPTER 6 
 
Table D1. Proportion of dichromatic plumage patches (ΔS > 1.0) and mean 
discrimination values (in jnd units) by body region, under the ideal Vorobyev-Osorio 
model of color discrimination. n refers to the number of species in which each patch was 
measured. Letters show the results of post-hoc tests (Tukey test), where patches with 
different letters are statistically different (p-value<0.05). 
Patch n Frequency 
Proportion 
(%) 
Discrimination 
(mean ± sd) 
Facial mark 4 3 75.0 2.12 ± 1.15 a 
Belly 32 12 37.5 1.89 ± 0.93 a 
Tail 33 10 30.3 1.88 ± 0.93 a 
Breast 24 9 37.5 1.87 ± 0.90 a 
Wing Covs 33 17 51.5 1.79 ± 0.62 a 
Rump 33 14 42.4 1.62 ± 0.54 a 
Back 32 9 28.1 1.57 ± 0.51 a 
Nape 25 11 44.0 1.55 ± 0.35 a 
Crown 24 4 16.7 1.52 ± 0.59 a 
Throat 32 13 40.6 1.51 ± 0.51 a 
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Table D2. Number of dichromatic plumage patches (S ≥ 1.0) obtained using the 
Vorobyev-Osorio model of color discrimination for 33 bird species of the infraorder 
Furnariides living in Amazonian habitats with different levels of ambient light. Four 
different ambient light spectra were evaluated for each species (ideal, forest shade, 
standard daylight, and blue sky). Species in bold were identified as completely 
monochromatic under all different spectra.  
Light 
level 
Species 
# patches 
measured 
Number of dichromatic 
patches 
Ideal   
Forest 
shade 
Standard 
daylight  
Blue 
sky 
L
o
w
 
Formicarius analis 10 6 6 5 6 
Sclerurus mexicanus 9 7 6 4 7 
Sclerurus caudacutus 9 1 1 1 1 
Synallaxis rutilans 9 1 1 1 1 
In
te
rm
e
d
ia
te
  
Dendrocincla merula 9 1 1 1 1 
Dendrocincla fuliginosa 9 3 2 1 3 
Deconychura stictolaema 6 4 2 2 4 
Deconychura longicauda 6 1 1 1 1 
Sittasomus griseicapillus 9 2 2 2 2 
Glyphorynchus spirurus 8 0 0 0 0 
Xiphorhynchus ocellatus 6 3 2 1 3 
Xiphorhynchus elegans 6 2 2 1 2 
Dendrexetastes rufigula 9 0 0 0 0 
Dendrocolaptes certhia 5 0 0 0 0 
Dendrocolaptes picumnus 9 1 1 1 1 
Hylexetastes perrotii 9 5 5 5 5 
Xenops minutus 10 3 3 3 3 
Hylocistes subulatus 7 5 5 3 5 
Automolus ochrolaemus 9 2 2 3 2 
Automolus infuscatus 9 0 0 0 0 
Philydor pyrrhodes 9 2 2 2 2 
Philydor erythrocercum 9 3 3 3 3 
H
ig
h
 
Xiphorhynchus picus 7 0 0 0 0 
Xiphorhynchus guttatus 6 0 0 0 0 
Lepidocolaptes albolineatus 8 8 8 8 8 
Xiphocolaptes 
promeropirhynchus 
8 2 1 1 2 
Furnarius minor 10 7 5 5 6 
Furnarius leucopus 10 7 7 7 7 
Ancistrops strigilatus 6 6 6 6 6 
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Philydor erythropterum 9 2 2 1 2 
Synallaxis albescens  9 7 7 7 7 
Synallaxis gujanensis 9 4 4 4 4 
Cranioleuca vulpina 9 7 6 6 7 
  Total dichromatic species   27 27 27 27 
  Total dichromatic patches   102 93 85 101 
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Table D3. Descriptions of color and brightness of all plumage patches measured from 
males and females of 33 bird species of the infraorder Furnariides, living in Amazonian 
habitats with different levels of ambient light. Units in parenthesis. ΔS represents 
distance in avian color space between males and females in each body region, is 
expressed in “just noticeable differences” (jnd), where 1.0 is the threshold value for 
discrimination of two colors by birds. 
Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
F. analis      
Throat 0.23 0.28 12.35 0.83 0.60 
Breast 0.30 0.28 23.00 1.95 1.64 
Belly 0.37 0.29 27.50 0.57 0.42 
Crown 0.31 0.29 13.59 0.87 0.75 
Nape 0.31 0.31 14.54 1.91 1.66 
Back 0.34 0.32 14.53 1.41 1.06 
Rump 0.34 0.31 15.10 0.99 0.70 
Tail 0.28 0.30 13.72 1.10 1.03 
Wing Covs 0.34 0.31 14.26 1.91 1.56 
Facial mark 0.30 0.28 25.49 2.05 1.89 
S. mexicanus      
Throat 0.48 0.36 24.90 2.82 2.78 
Breast 0.36 0.34 15.48 1.32 1.14 
Belly 0.32 0.31 14.07 0.50 0.34 
Crown 0.26 0.29 12.75 0.84 0.64 
Nape 0.28 0.30 14.27 1.33 1.09 
Back 0.30 0.31 13.07 1.03 0.81 
Rump 0.30 0.32 13.75 1.69 1.53 
Tail 0.24 0.28 11.94 1.56 1.25 
Wing Covs 0.31 0.31 12.92 1.57 1.20 
S. caudacutus      
Throat 0.30 0.29 32.26 0.84 0.81 
Breast 0.33 0.33 15.68 0.85 0.80 
Belly 0.30 0.31 14.65 1.77 1.64 
Crown 0.28 0.32 13.92 0.66 0.63 
Nape 0.29 0.32 14.52 0.49 0.49 
Back 0.28 0.32 13.99 0.42 0.33 
Rump 0.29 0.32 14.38 0.96 0.83 
Tail 0.21 0.30 13.35 0.89 0.83 
Wing Covs 0.27 0.32 14.49 0.90 0.86 
S. rutilans      
Throat 0.18 0.29 14.88 0.34 0.27 
Breast 0.33 0.36 18.29 0.60 0.58 
Belly 0.31 0.31 19.48 0.52 0.52 
Crown 0.39 0.38 22.92 1.22 1.20 
Nape 0.28 0.31 15.99 0.34 0.34 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Back 0.30 0.32 16.06 0.59 0.46 
Rump 0.26 0.30 16.04 0.95 0.84 
Tail 0.17 0.28 15.54 0.21 0.18 
Wing Covs 0.30 0.33 15.59 0.87 0.75 
D. merula      
Throat 0.30 0.32 27.65 1.21 1.04 
Breast 0.33 0.33 13.93 0.48 0.49 
Belly 0.37 0.34 14.99 0.86 0.87 
Crown 0.31 0.32 11.80 0.84 0.75 
Nape 0.33 0.33 12.76 0.26 0.18 
Back 0.34 0.33 13.10 0.36 0.39 
Rump 0.35 0.34 13.58 0.24 0.21 
Tail 0.32 0.34 11.67 0.34 0.27 
Wing Covs 0.33 0.34 12.47 0.38 0.25 
D. fuliginosa      
Throat 0.32 0.31 24.19 0.56 0.56 
Breast 0.36 0.34 16.52 0.53 0.54 
Belly 0.39 0.34 16.73 1.15 1.11 
Crown 0.30 0.32 14.10 0.82 0.72 
Nape 0.29 0.32 14.00 1.04 0.97 
Back 0.32 0.33 13.03 0.99 0.90 
Rump 0.34 0.34 14.40 0.50 0.40 
Tail 0.27 0.35 13.26 0.97 0.86 
Wing Covs 0.29 0.33 13.19 1.17 0.90 
D. stictolaema      
Belly 0.38 0.32 18.67 1.17 1.02 
Nape 0.28 0.31 13.13 1.06 0.81 
Back 0.32 0.33 14.02 0.88 0.70 
Rump 0.35 0.35 13.93 0.59 0.48 
Tail 0.30 0.33 12.32 1.84 1.24 
Wing Covs 0.34 0.32 13.26 1.19 0.78 
D. longicauda      
Throat 0.37 0.31 20.68 0.42 0.42 
Belly 0.39 0.32 17.04 0.14 0.20 
Back 0.35 0.32 13.79 0.74 0.64 
Rump 0.37 0.33 13.81 1.18 1.16 
Tail 0.35 0.32 11.57 0.87 0.77 
Wing Covs 0.38 0.31 13.44 0.78 0.67 
S. griseicapillus      
Throat 0.23 0.35 23.91 0.44 0.36 
Breast 0.26 0.34 22.00 0.84 0.89 
Belly 0.27 0.34 26.17 1.43 1.47 
Crown 0.22 0.33 16.15 0.20 0.27 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Nape 0.19 0.34 16.66 0.42 0.51 
Back 0.28 0.34 17.56 0.38 0.35 
Rump 0.41 0.39 19.67 1.18 1.15 
Tail 0.36 0.39 15.95 0.45 0.43 
Wing Covs 0.34 0.35 16.75 0.98 0.88 
G. spirurus      
Throat 0.44 0.36 24.75 0.70 0.70 
Belly 0.34 0.33 19.79 0.14 0.10 
Crown 0.28 0.32 14.38 0.56 0.56 
Nape 0.31 0.34 14.77 0.24 0.21 
Back 0.34 0.36 15.76 0.16 0.17 
Rump 0.37 0.38 16.51 0.38 0.29 
Tail 0.29 0.36 13.90 0.57 0.49 
Wing Covs 0.31 0.34 14.76 0.78 0.71 
X. ocellatus      
Throat 0.36 0.32 29.30 1.59 1.65 
Belly 0.33 0.33 24.52 0.59 0.62 
Back 0.29 0.32 17.93 0.81 0.45 
Rump 0.29 0.36 19.16 1.10 0.92 
Tail 0.24 0.35 18.59 0.86 0.56 
Wing Covs 0.29 0.32 18.21 1.51 0.98 
X. elegans      
Throat 0.41 0.32 26.53 1.04 0.99 
Belly 0.39 0.32 23.53 1.13 1.07 
Back 0.32 0.32 16.38 0.96 0.97 
Rump 0.35 0.35 16.94 0.69 0.67 
Tail 0.28 0.34 16.44 0.67 0.49 
Wing Covs 0.34 0.32 16.99 0.35 0.37 
D. rufigula      
Throat 0.45 0.34 30.21 0.78 0.67 
Breast 0.36 0.33 24.44 0.45 0.35 
Belly 0.40 0.34 26.35 0.26 0.26 
Crown 0.33 0.31 22.88 0.57 0.53 
Nape 0.32 0.31 22.81 0.37 0.33 
Back 0.31 0.32 20.20 0.55 0.44 
Rump 0.33 0.33 21.38 0.74 0.73 
Tail 0.26 0.33 19.29 0.60 0.42 
Wing Covs 0.30 0.32 19.91 0.49 0.39 
D. certhia      
Throat 0.29 0.30 28.70 0.94 0.92 
Belly 0.38 0.34 24.56 0.31 0.31 
Rump 0.30 0.35 19.46 0.28 0.24 
Tail 0.23 0.34 17.98 0.53 0.45 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Wing Covs 0.29 0.33 18.85 0.41 0.34 
D. picumnus      
Throat 0.37 0.32 27.29 0.64 0.64 
Breast 0.36 0.33 22.08 0.65 0.67 
Belly 0.38 0.34 22.64 0.10 0.12 
Crown 0.30 0.31 19.10 0.34 0.35 
Nape 0.31 0.32 19.95 1.39 1.38 
Back 0.33 0.33 19.39 0.46 0.49 
Rump 0.32 0.35 19.01 0.30 0.31 
Tail 0.25 0.34 18.01 0.91 0.93 
Wing Covs 0.32 0.33 19.19 0.58 0.40 
H. perrotii      
Throat 0.32 0.31 30.50 1.42 1.22 
Breast 0.33 0.31 25.41 1.09 1.12 
Belly 0.37 0.32 32.43 0.76 0.52 
Crown 0.29 0.31 21.06 0.63 0.63 
Nape 0.29 0.31 23.09 0.76 0.69 
Back 0.31 0.33 20.16 1.58 1.60 
Rump 0.32 0.36 22.14 2.65 2.73 
Tail 0.25 0.34 19.44 0.82 0.80 
Wing Covs 0.29 0.33 21.15 2.28 2.29 
X. minutus      
Throat 0.29 0.30 33.20 0.53 0.52 
Breast 0.33 0.32 19.73 0.22 0.18 
Belly 0.33 0.32 21.07 1.34 1.35 
Crown 0.32 0.31 14.81 0.55 0.55 
Nape 0.32 0.32 15.00 0.42 0.29 
Back 0.32 0.32 15.63 0.49 0.38 
Rump 0.34 0.33 16.39 1.05 1.08 
Tail 0.44 0.36 18.89 0.92 0.94 
Wing Covs 0.30 0.31 14.47 1.23 1.18 
Facial mark 0.22 0.27 45.30 0.56 0.59 
H. subulatus      
Throat 0.37 0.33 27.80 0.75 0.65 
Breast 0.36 0.33 22.92 1.04 1.09 
Belly 0.38 0.34 22.93 0.89 0.92 
Back 0.30 0.31 15.66 1.32 0.84 
Rump 0.33 0.34 16.78 1.39 1.06 
Tail 0.29 0.34 16.19 1.90 1.15 
Wing Covs 0.31 0.32 16.00 1.62 0.97 
A. ochrolaemus      
Throat 0.42 0.30 44.48 0.49 0.41 
Breast 0.46 0.32 32.22 0.31 0.19 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Belly 0.43 0.32 30.23 0.46 0.51 
Crown 0.32 0.31 17.35 0.71 0.77 
Nape 0.31 0.30 15.56 0.94 1.01 
Back 0.32 0.31 16.20 0.30 0.31 
Rump 0.39 0.36 18.59 0.54 0.55 
Tail 0.36 0.35 15.76 1.70 1.64 
Wing Covs 0.35 0.32 16.19 1.09 1.07 
A. infuscatus      
Throat 0.30 0.30 45.97 0.48 0.48 
Breast 0.33 0.31 34.03 0.68 0.67 
Belly 0.34 0.32 31.12 0.38 0.37 
Crown 0.29 0.31 15.50 0.74 0.64 
Nape 0.28 0.30 14.42 0.57 0.46 
Back 0.29 0.31 15.30 0.59 0.52 
Rump 0.34 0.35 16.21 0.24 0.27 
Tail 0.31 0.35 14.75 0.71 0.74 
Wing Covs 0.29 0.32 15.39 0.58 0.60 
P. pyrrhodes      
Throat 0.53 0.43 27.83 1.44 1.45 
Breast 0.48 0.41 24.57 0.27 0.27 
Belly 0.47 0.41 24.20 0.33 0.31 
Crown 0.29 0.31 16.42 0.06 0.09 
Nape 0.32 0.33 17.41 0.48 0.43 
Back 0.33 0.33 16.99 0.37 0.30 
Rump 0.44 0.40 21.68 0.51 0.51 
Tail 0.39 0.40 22.35 1.05 1.05 
Wing Covs 0.21 0.27 15.84 0.18 0.16 
P. 
erythrocercum 
     
Throat 0.42 0.34 36.37 0.77 0.85 
Breast 0.34 0.34 30.32 1.76 1.72 
Belly 0.32 0.33 26.56 1.55 1.58 
Crown 0.25 0.32 16.54 0.37 0.27 
Nape 0.23 0.33 17.77 2.08 2.07 
Back 0.28 0.33 16.79 0.59 0.37 
Rump 0.30 0.35 18.04 0.80 0.75 
Tail 0.29 0.39 20.26 0.61 0.44 
Wing Covs 0.26 0.33 17.50 0.63 0.56 
X. picus      
Throat 0.38 0.31 39.40 0.67 0.65 
Breast 0.33 0.32 21.48 0.51 0.51 
Belly 0.35 0.33 22.08 0.37 0.35 
Back 0.32 0.34 18.87 0.29 0.29 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Rump 0.32 0.35 19.40 0.72 0.73 
Tail 0.26 0.33 18.44 0.98 0.97 
Wing Covs 0.28 0.33 19.18 0.59 0.57 
X. guttatus      
Throat 0.49 0.33 32.01 0.28 0.28 
Belly 0.41 0.34 20.74 0.36 0.38 
Back 0.34 0.32 15.42 0.48 0.48 
Rump 0.34 0.34 15.82 0.53 0.51 
Tail 0.27 0.33 16.20 0.54 0.52 
Wing Covs 0.34 0.32 15.83 0.61 0.59 
L. albolineatus      
Throat 0.40 0.30 31.47 1.09 1.07 
Belly 0.37 0.30 22.82 1.66 1.65 
Crown 0.33 0.30 15.94 2.39 2.38 
Nape 0.35 0.31 16.22 1.92 1.92 
Back 0.37 0.32 16.72 2.36 2.35 
Rump 0.38 0.35 17.39 2.21 2.20 
Tail 0.34 0.33 13.90 3.81 3.76 
Wing Covs 0.37 0.31 16.28 3.18 3.16 
X. promeropirhynchus     
Throat 0.36 0.32 31.59 1.03 1.01 
Breast 0.28 0.32 23.68 0.30 0.29 
Crown 0.22 0.31 21.50 0.41 0.39 
Nape 0.25 0.31 22.34 1.69 1.66 
Back 0.27 0.32 21.09 0.34 0.32 
Rump 0.27 0.33 21.21 0.58 0.59 
Tail 0.21 0.33 20.88 0.35 0.32 
Wing Covs 0.25 0.33 22.36 0.23 0.23 
F. minor      
Throat 0.37 0.28 41.35 1.02 1.02 
Breast 0.51 0.31 30.23 0.36 0.35 
Belly 0.44 0.28 46.02 4.39 4.37 
Crown 0.33 0.31 17.50 1.35 1.32 
Nape 0.35 0.31 17.31 0.90 0.89 
Back 0.45 0.37 19.21 0.94 0.92 
Rump 0.49 0.36 21.66 1.13 1.12 
Tail 0.37 0.36 15.43 1.27 1.26 
Wing Covs 0.42 0.36 17.90 1.49 1.47 
Facial mark 0.45 0.29 32.00 1.01 0.99 
F. leucopus      
Throat 0.31 0.27 48.56 0.48 0.48 
Breast 0.48 0.32 34.30 1.89 1.89 
Belly 0.42 0.28 45.58 0.39 0.38 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Crown 0.31 0.31 16.15 0.63 0.63 
Nape 0.34 0.31 16.72 1.52 1.51 
Back 0.48 0.38 21.16 2.44 2.44 
Rump 0.47 0.38 22.23 1.54 1.57 
Tail 0.34 0.37 16.50 1.28 1.28 
Wing Covs 0.38 0.37 16.99 2.70 2.65 
Facial mark 0.46 0.29 41.71 3.31 3.30 
A. strigilatus      
Throat 0.40 0.33 32.61 1.75 1.74 
Belly 0.36 0.33 37.14 1.87 1.85 
Back 0.30 0.29 18.87 1.55 1.53 
Rump 0.31 0.31 20.59 2.52 2.49 
Tail 0.34 0.36 21.18 3.28 3.26 
Wing Covs 0.33 0.32 17.29 2.81 2.78 
P. erythropterum      
Throat 0.53 0.34 31.23 0.73 0.74 
Breast 0.41 0.32 33.04 0.48 0.48 
Belly 0.42 0.32 32.47 0.43 0.42 
Crown 0.32 0.29 18.69 0.36 0.36 
Nape 0.25 0.29 20.49 0.81 0.79 
Back 0.31 0.29 18.13 0.61 0.61 
Rump 0.36 0.30 21.69 1.23 1.24 
Tail 0.36 0.36 18.66 0.69 0.67 
Wing Covs 0.39 0.34 18.13 1.69 1.68 
S. albescens      
Throat 0.31 0.27 33.07 1.41 1.42 
Breast 0.33 0.28 30.90 3.99 4.00 
Belly 0.39 0.29 37.18 2.43 2.45 
Crown 0.32 0.32 16.96 1.12 1.14 
Nape 0.31 0.30 17.55 1.70 1.69 
Back 0.33 0.29 16.78 1.43 1.42 
Rump 0.34 0.30 18.03 0.59 0.57 
Tail 0.30 0.30 14.72 0.91 0.92 
Wing Covs 0.36 0.31 16.47 1.98 1.88 
S. gujanensis      
Throat 0.34 0.27 38.22 1.85 1.86 
Breast 0.34 0.29 25.31 1.43 1.42 
Belly 0.35 0.29 26.06 0.18 0.18 
Crown 0.25 0.28 16.50 0.70 0.70 
Nape 0.28 0.29 16.33 0.63 0.62 
Back 0.30 0.30 16.15 0.90 0.90 
Rump 0.31 0.30 17.33 1.94 1.93 
Tail 0.27 0.33 19.03 0.29 0.29 
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Patch 
Average 
chroma 
Maximum 
chroma 
Brightness 
(%) 
Ideal 
model ΔS 
(jnd) 
Real  
model ΔS 
 (jnd) 
Wing Covs 0.34 0.33 16.69 1.31 1.31 
C. vulpina      
Throat 0.35 0.26 40.73 2.00 2.00 
Breast 0.39 0.29 31.18 2.32 2.30 
Belly 0.39 0.30 27.65 2.73 2.71 
Crown 0.36 0.34 18.07 0.56 0.55 
Nape 0.37 0.33 18.56 1.38 1.36 
Back 0.40 0.35 17.84 1.01 1.00 
Rump 0.41 0.34 19.77 1.83 1.82 
Tail 0.35 0.35 17.42 0.93 0.91 
Wing Covs 0.36 0.35 18.21 1.64 1.62 
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